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Abstract
The acquisition of protein secondary and tertiary structure depends
on the primary sequence of amino acids. However, predicting a pro-
tein’s folded structure is difficult even with the knowledge of its se-
quence. It has been suggested that, in addition to encoding the amino
acid sequence, genes also encode kinetic information which regulates
the ribosome’s translation rate. This information might guide nascent
protein folding during translation.
With the advent of ribosome profiling, a high-throughput sequenc-
ing technique which quantifies ribosome density on mRNA, it is now
possible to investigate this hypothesis in greater detail. Here, a new
way to analyze ribosome profiling data is presented, confirming that ri-
bosome profiling detects ribosome pauses at slow codons (chapter 2).
This method is able to precisely determine the locations of the ribo-
some aminoacyl and peptidyl transfer sites within the ribosome foot-
print. Next, a simulation tool which models the progression of ribo-
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somes along an mRNA is used to explore the effects of translation initi-
ation and elongation rates on protein expression (chapter 3). This tool
can be used to generate testable predictions for how changing the trans-
lation rate should affect various experimental observables, including ri-
bosome density. New experimental data, collected from the bacterium
Escherichia coli, demonstrate that the sequence of the Firefly (Photinus
pyralis) Luciferase mRNA affects its ribosome occupancy (chapter 4).
Importantly, ribosome occupancy is differentially influenced by synony-
mous codons.
These data also show that Luc expression is controlled by the 15
codons immediately downstream of the start codon and that greater
Luciferase expression levels progressively activate the “heat shock” re-
sponse (chapter 5). However, this response appears to saturate, sug-
gesting that the overexpression of foreign proteins in E. coli readily
overwhelms the endogenous chaperone system. This result demonstrates
that expression level, rather than translation kinetics, determines the
yield of folded Luciferase protein in E. coli.
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All proteins are composed of the same amino acid residue types, dif-
fering in number and order, yet there are at least 1,393 stable folds
[Berman et al., 2000] (Fig. 1.1, p. 2). A major unresolved question
in protein biophysics is how these amino acid sequences give rise to
biologically functional, folded proteins. Perturbations to protein fold-
ing, either through mutation or from environmental insults, can cause
cellular stress and are implicated in disease. Yet, it remains extremely
difficult to predict a protein fold from its primary sequence [Dill et al.,
2008]. Greater knowledge of the protein folding process will inform
both fundamental biophysical principles as well as medical approaches
to such diseases, and the discovery of new biological mechanisms which




























































Figure 1.1: Proteins can adopt many kinds of folds. The Structural
Classification of Proteins database reports 1,393 known unique folds.
This diversity of folds has emerged from many amino acid sequences,
predominantly composed of the same twenty amino acids, yet predicting




Classic experiments demonstrated how a protein’s biological “na-
tive” state is typically the lowest energy state [Haber and Anfinsen,
1962]. However, proteins cannot sample all possible conformations [Lev-
inthal, 1969]. It has been suggested that proteins have folding pathways
which constrain the sampling of conformational space, either during
or after synthesis on the ribosome [Levinthal, 1968]. Since a nascent
polypeptide emerges from the ribosome at the same rate as the ribo-
some translocates the mRNA, slower translation could provide more
time for a newly-emerged domain to fold in isolation, before other do-
mains emerge. Conversely, faster translation could prevent misfolding
by rapidly providing a nascent domain with new amino acids and steer-
ing the protein towards the native fold. Such kinetic information could
help guide protein folding predictions [Ellis et al., 2010, Trovato and
O’Brien, 2016].
It has been suggested that life has evolved ways to synchronize the
emergence of a nascent protein with its co-translational folding. In par-
ticular, this information could be genetically encoded by specific se-
quences of synonymous codons which have different translation elon-
gation rates. Protein secondary structural elements, or boundaries be-
tween elements, could occur in conjunction with translation pause sites
[Purvis et al., 1987, Krasheninnikov et al., 1989]. This mechanism re-
3
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quires that proteins fold on the ribosome (Ch. 1.7, p. 34) and that the
translation rate is genetically flexible (Ch. 1.6, p. 28). Understanding
this relationship therefore depends on accurately detecting changes in
translation rates (Ch. 1.5, p. 24) and corresponding changes in co-
translational protein folding (Ch. 1.7).
Currently both aspects of this hypothetical mechanism, a regulated
translation rate synchronized with protein folding on the ribosome, have
been difficult to generalize. In particular, precise and accurate position-
specific measurement of the in vivo translation rate has not yet been
achieved. However, a more recent experimental method which could
address this issue has emerged. The high-throughput sequencing of
ribosome-bound mRNA fragments, known as ribosome profiling [Ingo-
lia et al., 2009], measures the relative ribosome occupancy of mRNA. If
the occupancy of a particular codon is inversely proportional to the ribo-
some’s transit time, then this method could provide the necessary infor-
mation relating the mRNA sequence with its translation rate (Ch. 1.8, p.
38). This dissertation explores the use of ribosome profiling to quantify
relative translation rates and uses a model protein system, Firefly Lu-
ciferase (Luc), to investigate the relationship between the translation




1.1 Synonymous codon frequencies in
genes and genomes are not
random
As the genetic code was deciphered it was found to be degenerate,
containing synonymous codons which encode the same amino acid [Kho-
rana, 1968]. Although these codons are nominally equivalent, regula-
tory codons with alternative translation rates were proposed as a mech-
anism for gene regulation [Itano, 1957,Ames and Hartman, 1963,Stent,
1964, Itano, 1965, Itano, 1968]. Yet neither the biological significance
of codon degeneracy nor its extent were clear until genes and genomes
were sequenced. Here is a brief history of key developments in this
field.
In 1969 the first mRNA sequence, from bacteriophage MS2, was
chemically determined [Adams et al., 1969]. The sequence was 57 nu-
cleotides long and contained synonymous codons. A larger RNA frag-
ment, encoding the MS2 coat protein, was sequenced and found to en-
code a hairpin [Jou et al., 1971,Hasegawa et al., 1979]. It was noted
that multiple RNA secondary structures were compatible with the same
amino acid sequence due to the degeneracy of the genetic code. When
5
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the complete sequence of the MS2 A-protein gene was determined (392
codons), it was found that some synonymous codons were significantly
more frequent than others [Fiers et al., 1975]. This result was repli-
cated with gene F of bacteriophage φX174 [Air et al., 1976] and rabbit
beta [Efstradiatis et al., 1977] and alpha [Heindell et al., 1978] globin
genes. These experiments demonstrated that synonymous codons nat-
urally occur within the same gene.
It was subsequently shown that groups of genes within a genome
can have distinctive codon patterns. Sequences of highly-expressed E.
coli genes were shown to have skewed frequency statistics [Post et al.,
1979], as were several yeast genes [Bennetzen and Hall, 1982]. These
statistics differed from lowly-expressed genes [Farabaugh, 1978]. Stud-
ies in yeast then showed how to predict gene expression levels from
their codon composition [Sharp et al., 1986]. Similar results have been
found in E. coli and in Bacillus subtilis [Moszer et al., 1999]. Besides
highly and lowly expressed genes, a third category of genes related to
outer membrane and lipopolysaccharide (LPS) genes was also discov-
ered [Médigue et al., 1991,Guerdoux-Jamet et al., 1997].
Curiously, it is often the case that codon frequencies within an or-
ganism, between organisms, or even within a single mRNA are not uni-
form. For example, theMS2 coat proteinmRNA resembles typicalE. coli
6
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mRNAs, but the MS2 A protein mRNA does not [Elton et al., 1976]. This
fact contradicts the observation that the mRNAs from a given organism
cluster together because they have similar synonymous codon frequen-
cies, but do not cluster with mRNAs from other organisms [Grantham
et al., 1980]. Intriguingly, the codon frequencies within the same im-
munoglobin, γΒ-crystallin or silk fibroinmRNAs are unevenly distributed
[Miyata et al., 1979,Komar and Jaenicke, 1995,Chavancy et al., 1979,
Mita et al., 1988]. Constraints on the ordering, or context, of codons
have also been demonstrated [Lipman and Wilbur, 1983]. These obser-
vations suggest the possibility that synonymous codons are not neces-
sarily functionally identical.
1.2 Causes and effects of codon
identity
A compelling explanation for biased codon frequencies was proposed
soon after their discovery. Quantification of the genomic tRNA gene
copy numbers and cellular tRNA abundances led to the hypothesis that
the codon frequencies within a genome have co-evolved with the avail-
able tRNAs [Ikemura, 1981b, Ikemura, 1981a, Ikemura, 1982, Ikemura
7
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and Ozeki, 1983,Ikemura, 1985]. This effect may be the result of selec-
tion against wobble recognition [Fitch, 1976], or in favor of moderate
interaction energies [Grosjean and Fiers, 1982]. This idea was extended
to adaptation within specialized tissues, such as the silk worm (Bom-
byx mori) silk gland [Chavancy et al., 1975,Garel, 1976,Chavancy and
Fournier, 1979,Chevallier and Garel, 1979,Chavancy et al., 1981,Garel
et al., 1981] and in reticulocytes [Hatfield et al., 1982].
To compare genes in terms of their codon repertoires, normalized
scales have been developed to rank the codons. Such rankings include
codon frequency [Ikemura, 1981a,Bennetzen and Hall, 1982]; stochas-
tic searches [Varenne et al., 1984,Zhang et al., 2009]; codon adaptation
(codonAdaptation Index, [Sharp and Li, 1987]); tRNA adaptation (tRNA
Adaptation Index; [dos Reis et al., 2004] and a similar index [Spencer
et al., 2012], Table 4.1, p. 145), relative frequencies (%MinMax, [Clarke
and Clark, 2008]), and “supply and demand” models of tRNA and codons
[Pechmann and Frydman, 2013]. These types of rankings have proven
popular for generating an expectation for both a gene’s overall codon
composition and for local fluctuations within.
The correlations between codon frequencies, tRNA gene copy num-
ber and tRNA concentration are substantial. However, these relation-
ships are not definitive. For instance, tRNA gene expression in silk
8
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glands is regulated [Chevallier and Garel, 1982], with some tRNA genes
transcribed at higher rates than others. In addition, the tRNA content
within E. coli cells adapts to the growth rate [Dong et al., 1996], yet
cells are unable to adapt to the over-expression of a gene with uncom-
mon codons [Dong et al., 1995]. These results suggest that cells might
have evolved mechanisms which can match tRNA content to specific
growth conditions, but do not necessarily respond per se to the mRNA
burden. tRNA gene number and genomic codon frequencies are often,
but not always, related.
Sometimes, special codons sense nutrient conditions. For example,
the tryptophan operon in E. coli is regulated in response to tRNATrp
availability. The ribosome slows down while translating a pair of trypto-
phan codons, but only if tRNATrp is limiting [Yanofsky, 1981]. It was also
shown that 70% of tRNALeu in E. coli cell is aminoacylated, but that this
value drops below 20% in the absence of leucine [Yegian et al., 1966].
Thus even if a tRNA is available, it might not be charged with an amino
acid. More recently, high-throughput methods using microarrays have
confirmed the general effects of amino acid deprivation on tRNA amino-
acylation [Dittmar et al., 2005]. Importantly, models of tRNA amino-
acylation states have suggested that certain codons are positionedwithin
mRNAs to optimally respond to amino acid starvation [Elf et al., 2003].
9
CHAPTER 1. INTRODUCTION
These observations indicate that some codons can modulate the trans-
lation rate in response to environmental signals.
In fact, there are other potential causes and effects of non-random
codon frequencies (Fig. 1.2, p. 11). Many of these are biologically
important but not necessarily related to translation [Plotkin and Kudla,
2011,Pop et al., 2014]. For example, it has been suggested that tRNA
and mRNA have co-evolved [Bulmer, 1987,Bulmer, 1991], that codons
encode binding sites on DNA [Thurman et al., 2012] or RNA [Stergachis
et al., 2013], that codons differentially regulate during the cell cycle
[Frenkel-Morgenstern et al., 2012,Zhou et al., 2013], and that selection
upon secondary structure [Mita et al., 1988] or GC content [Andersson
et al., 1984, Palidwor et al., 2010, Babbitt et al., 2014,Newman et al.,
2016] drives codon composition. The sheer number of possible effects
of biased codon frequencies has made it difficult to unambiguously ad-
dress causality. Nevertheless, it has now been clearly demonstrated,
both theoretically and experimentally, that the translation elongation









































Figure 1.2: Synonymous changes can have many downstream ef-
fects. Replacing one codon with another in the mRNA requires making
the equivalent change in the corresponding DNA. Altering a DNA se-
quence can have many consequences, only some of which have been
shown to affect translation rates. a. the synthesis of a new DNA strand
b. DNA conformation and stability c. binding sites on the DNA d. tran-
scription rate e. RNA conformation and stability f. binding sites on
the RNA g. Watson-Crick or wobble recognition h. copy number of the
tRNAs capable of de-coding a given codon i. the incorporation of a new
amino acid into an elongating polypeptide chain.
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1.3 Mechanisms of codon-dependent
elongation rates
No process can be perfectly accurate [Galas et al., 1986]. Conse-
quently, non-equilibrium mechanisms have evolved which enhance ac-
curacy at the expense of energy (such as ATP or GTP hydrolysis). Trans-
lation proceeds as a series of recognition events whose overall accuracy
depends on the faithful aminoacylation of tRNAs by synthetases and
the discrimination amongst tRNAs by a ribosome programmed with an
mRNA. Kineticmodels of proofreading during translation invoke schemes
which directly integrate the accuracy of amino acid incorporation into
a nascent polypeptide with the translation elongation rate (reviewed
by [Zaher and Green, 2009]). Therefore, these accuracy mechanisms
can explain how codons determine translation elongation rates. The
following brief overview of ribosomal accuracy elaborates on this rela-
tionship.
Kinetic proofreading schemes in translation modulate the time re-
quired to process a codon. Two similar models explain how this du-
ration can be lengthened. In one case, codon:anti-codon recognition
is repeatedly evaluated, and mismatching tRNA are preferentially dis-
carded [Hopfield, 1974]. Or, the “sticking time” of the anti-codon is
12
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assessed, and any tRNA which fails to incorporate rapidly is rejected
[Ninio, 1975]. A “double-trigger” mechanism which brings together
both forms of proofreading has even been proposed [Ninio, 2006]. Cru-
cially, these schemes couple proofreading with GTP hydrolysis, keeping
the system far from equilibrium [Kurland, 1978]. Ribosome accuracy
therefore depends on how the ribosome modulates the duration of the
steps of an elongation cycle in response to inputs, such as the tRNA
and mRNA, under non-equilibrium conditions (reviewed by [Rodnina
and Wintermeyer, 2001]).
Translation elongation is the phase during which a ribosome repeat-
edly cycles through a stereotyped process which begins once a 70S ri-
bosome forms. When the 30S (small) and 50S (large) ribosome subunits
associate they establish three spaces within a cavity: the aminoacyl (A),
peptidyl-transfer (P) and Exit (E) sites. An additional site (T), where
EF-Tu (Elongation Factor-Thermally unstable) associates, remains out-
side the cavity. tRNA molecules are oriented within the cavity such that
the anti-codon interfaces with the codon in the small subunit, while the
aminoacyl 3′ end sits near the polypeptide chain exit tunnel in the large
subunit. During translation the tRNAs transit through these three sites
in a step-wise progression, A→P→E. Although the ribosome progresses
one codon at a time, tRNAs transiently occupy hybrid states in which
13
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one part has advanced relative to the small subunit. These states are
denoted A/T, A/P, and P/E, indicating the positioning of the anti-codon
and CCA arms, respectively [Moazed and Noller, 1989]. The translation
elongation rate, also referred to as the ribosomal step time or transit
time, is thus the time required for completing this cycle once, adding
a single amino acid to the nascent polypeptide chain and moving the
mRNA through the ribosome by one codon.
The genetic code is degenerate, therefore synonymous codons might
have different translation rates. For example, two synonymous codons
might encode the same amino acid but be recognized by a different
tRNA. Such codons could be processed at different rates if the cognate
tRNAs have different modifications, aminoacylation levels or concen-
trations [Ames and Hartman, 1963,Stent, 1964,Itano, 1965]. However,
research into the determinants of ribosomal accuracy has shown how
other steps in translation also have sequence-dependent rates. The re-
lationship between accuracy and kinetics is not straightforward and de-
pends on the details of codon:anti-codon recognition.
The wobble model of codon:anti-codon recognition states that the
first two positions in codons must obey Watson-Crick base-pairing rules,
but that alternative (wobble) pairings are allowed at the third position
[Crick, 1966]. This model explains how a ribosome programmed with
14
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an mRNA can discriminate between competing tRNAs through purely
structural means— codon:anti-codon pairs which do not stericallymatch
are always rejected. Yet this model also allows structural flexibility, ac-
counting for how some synonymous codons are decoded by the same
tRNAs. As a result, these rules still serve as good first approximations
in understanding codon:anti-codon recognition [Ninio, 1973].
Yet, many anti-codons which recognize different codons are still simi-
lar, andmis-recognition events do happen [Kramer and Farabaugh, 2007,
Kramer et al., 2010]. Remarkably, mutations outside the anti-codon loop
can also affect tRNA reading. This observation led to the development
of the waggle hypothesis, which states that strain imposed upon the
tRNA provides additional discrimination during translation [Yarus and
Smith, 1995]. Consequently, the ability to accurately discriminate all 64
codons imposes stringent constraints on tRNA sequences, and no organ-
ism possesses a full complement of tRNA anti-codons, an idea dubbed
the “missing triplet” hypothesis [Ninio, 1971]. The evolution of kinetic
proofreading mechanisms has enhanced the fidelity of translation, over-
coming these limits of structural recognition, at the expense of kinetic
efficiency.
Translation elongation can be summarized as follows. Ternary com-
plex (EF-Tu, GTP and an aa-tRNA) repeatedly diffuses to and from the
15
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ribosome. This step is rapid, and tRNA transiently occupies the A/T hy-
brid state [Rodnina et al., 1996, Pape et al., 1998]. If the codon and
anti-codon have poor complementarity, then association is disfavored,
dissociation dominates and the tRNA is quickly rejected with high prob-
ability. However, an eventual recognition event with a favorable inter-
action (cognate or near-cognate) promotes hydrolysis of GTP, release of
EF-Tu·GDP and the transition of the aa-tRNA from the A/T state to the
A/A state. While the aa-tRNA sits in the A site, and before EF-Tu·GDP has
been released, a kinetic proofreading step takes place. Cognate tRNA
are rapidly accepted, whereas other tRNAs are delayed. Longer delays
increase the chance that the tRNA is rejected, and so this step preferen-
tially discards non-cognate tRNA and thereby enhances the specificity
of translation.
This model of translation elongation suggests two sources of codon-
specific translation rates. The first is the time spent “searching” for a
cognate tRNA out of the cellular pool of competing tRNA species. Es-
timates have suggested that this step is highly influential [Gouy and
Grantham, 1980,Chavancy and Garel, 1981,Curran and Yarus, 1989,An-
dersson and Kurland, 1990]) and can be altered by tRNA concentration
changes [Anderson, 1969]. In particular, this effect is amplified follow-
ing sequestration of tRNA within the ribosome [Varenne et al., 1984,
16
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Varenne and Lazdunski, 1986,Bonekamp and Jensen, 1988,Varenne et al.,
1989,Menez et al., 2000] (Ch. 1.4). The second source of variability
comes from the time spent proofreading. It has been inferred from
experiments, using hyper-accurate and inaccurate mutant ribosomes,
that frequent proofreading consumes more GTP and slows translation
[Gupta and Schlessinger, 1976,Thompson and Stone, 1977,Zengel et al.,
1977,Ruusala et al., 1982,Bohman et al., 1984,Ehrenberg et al., 1986]
(Ch. 1.6.1). Importantly, both of these processes relate the sequence of
an mRNA to the duration of a translation cycle, providing a mechanism
for how the ribosome modulates translation elongation rates.
Although ribosomal proofreading mechanisms clearly affect transla-
tion rates, it has also been suggested that mRNA secondary structure
matters. Importantly, mRNA stability is sequence-dependent, and syn-
onymous codons can give rise to different structures [Jou et al., 1971,
Mita et al., 1988]. Predicting true in vivo secondary structures is dif-
ficult [Ramos and Laederach, 2014], however, so the extent to which
they might stall ribosomes is unknown. Nevertheless, the ribosome has
helicase activity [Takyar et al., 2005], which simultaneously suggests
that the ability to unwind helical structures in mRNA is evolutionarily
adaptive and that the ribosome is able to deal with at least some sec-
ondary structures effectively. Recent experiments have suggested that
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the mRNA structure can affect translation rates [Yang et al., 2014,Firn-
berg et al., 2014], so it is possible that codons affect translation rates
both through ribosomal mechanisms of protein synthesis as well as by
modulating mRNA structure.
1.4 Translation is discontinuous
If translation initiation and elongation rates are both constant, then
ribosomes will bind and process mRNA in defined intervals, producing
a set spacing between the ribosomes on a given mRNA. Changes to
the spacing between ribosomes can be detected by measuring the elec-
trophoretic mobility of the polysome through a gel. It was shown that
this mobility changes upon addition of translation inhibitors, indicating
that the average polysome spacing of E. coli ribosomes can be artificially
decreased or increased [Dahlberg et al., 1973]. Similarly, nascent pro-
teins sampled from uniformly spaced ribosomes would equally populate
all intermediate nascent protein lengths.
A pause site on the mRNAwould, on average, spendmore time bound
to a ribosome than other sites. The lengths of nascent peptides collected
from such a population would not be uniformly distributed. In extreme
cases a ribosome pause causes a local “bottleneck” in which a down-
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stream ribosome blocks the progression of upstream ribosomes [Wolin
and Walter, 1988]. This situation causes a ribosome queue to form,
changing the spacing between ribosomes even more. The mRNA up-
stream the pause site collects additional ribosomes, with reduced spac-
ing, while the downstream mRNA has fewer ribosomes with greater
spacing between them. These effects of discontinuous translation were
succinctly explained by Itano using the metaphor of cars traversing a
toll bridge [Itano, 1968]. However, the natural extent of ribosome queue
formation was still unknown.
Preliminary evidence for a variable elongation rate in vivo was pre-
sented in the experiments which demonstrated that translation progresses
from the 5ʹ to the 3ʹ end (N- to C-terminally) but the data were not
quantitative [Dintzis, 1961]. It was subsequently shown that combined
treatment with translation initiation and elongation inhibitors does not
produce uniform β-galactosidase induction curves [Talkad et al., 1976].
This result was attributed to the existence of fast and slow ribosomes
translating the lacZ message. Discontinuous translation was demon-
strated in globin chains by quantifying the length distribution of nascent
globin peptides using gel chromatography [Protzel and Morris, 1974].
Two competing explanations for translation rate differences, the for-
mation of local mRNA structure which inhibits ribosome progression
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and the depletion of tRNAs, were discussed. Arguments were made
in favor of the role of mRNA secondary structure, not tRNA concentra-
tion [Chaney and Morris, 1978], and similar conclusions were drawn for
bacteriophage MS2 coat protein [Chaney and Morris, 1979].
However, other experiments showed that tRNA concentrations can
matter. Two groups separately demonstrated how the synthesis of silk
worm fibroin in rabbit reticulocyte lysate fails to reach completion in
vitro. Separation of nascent fibroin chains by SDS PAGE confirmed that
some synthesis intermediates are more abundant than others, and that
this effect is not due to selective degradation. These reactions cannot
be rescued by the addition of dog brain tRNA, which has an “average”
isoacceptor distribution, but are rescued by adding silk gland tRNA,
which is adapted to fibroin synthesis [Lizardi et al., 1979, Chavancy
et al., 1981].
The demonstration of reproducible pauses during the synthesis of silk
worm fibroin, as well as their “rescue” following a change in the tRNA
availability, strongly suggests that some codon/tRNA combinations are
more prone to slow down the ribosome. However, this experiment has
important shortcomings. Silk worm fibroin is translated in a highly spe-
cialized organ, in which fibroinmakes up over 80% of all protein [Tashiro
et al., 1968], whereas a typical cell could be more heterogeneous. Fur-
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thermore, the tRNA content of these cells is highly specialized, with a
small number of tRNAs accounting for the vast majority, and the fibroin
amino acid sequence is itself highly repetitive, with four residue types
accounting for 90% of the total [Fournier, 1979,Zhou et al., 2000]. Fi-
nally, the experiments were performed in vitro, providing greater access
to manipulation but distancing the system from the physiological state.
Thus, the same characteristics which made the system experimentally
tractable also made the results less general.
Other experiments, performed in bacteria in vivo, demonstrated dis-
continuous protein synthesis while avoiding the aforementioned short-
comings. It was argued that overexpression of E. coli TolC, a minor
outer membrane protein, leads to ribosome pausing at a single rare
AGA codon [Misra and Reeves, 1985]. Likewise, Colicin A (ColA) pro-
tein, when overexpressed in either C. freundii or E. coli, was shown by
SDS PAGE to produce protein synthesis intermediates to varying de-
grees [Varenne et al., 1982]. That these are translation intermediates,
and not degradation products, was confirmed by the gradual disappear-
ance of the lower molecular weight species following radioactive pulse-
chase experiments. Other colicins showed slightly different patterns, as
did E. coli pro-ompA and β-lactamase. Similarly, intermediates were ob-




The contributions of tRNA availability to ribosome pausingwere tested
by comparing the banding pattern with or without a hundredfold stimu-
lation of colicin expression. High colicin expression would be expected
to exacerbate pauses at codons recognized by low abundance tRNA,
yet it was shown that the banding pattern persists, and was concluded
that discontinuous colicin synthesis is not due to tRNA concentration
perturbations [Varenne et al., 1984]. The lack of correspondence be-
tween predicted hairpin locations and the observed banding patterns
also suggested that mRNA secondary structures cannot explain the ob-
served pauses. Rather, the pauses during protein synthesis were as-
cribed to a stochastic search, during which the probability of the match-
ing tRNA arriving at the A-site is determined by a competition with all
the other tRNA molecules [Varenne and Lazdunski, 1986]. According
to this model, adding increasing amounts of all tRNA would not actu-
ally alter their relative abundances, and therefore have no effect on the
stochastic search.
This model was experimentally tested by inserting slow AGG codons
into the chloramphenicol acetyltransferase (cat) gene [Robinson et al.,
1984, Varenne et al., 1989]. In the latter study, four or six total AGG
codons were inserted into the cat gene two different ways. One gene
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contained four clustered AGG codons, while the other contained six AGG
codons which were not clustered. The results demonstrated that there
were no differences in protein expression levels when transcription lev-
els of the catmRNAwere low, but that the production of Cat protein from
the clustered allele underwent a dramatic decrease at high transcription
levels. This effect was attributed to sequestration of the tRNAArg within
the ribosome, causing a depletion [Varenne et al., 1989], and suggesting
that codon adjacency or context effects also affect ribosome pausing.
Other experiments on the cat gene were performed with E. coli cell
free extracts. Many nascent proteins of intermediate length were visible
following translation of the wild-type mRNA. As expected, the re-coding
of a 16 codon sequence selectively removed a pause site from themRNA,
which manifested itself as the disappearance of a single band on an SDS
polyacrylamide gel [Komar et al., 1999]. The quantification of nascent




1.5 Experimental methods to
measure bacterial translation
elongation rates
Measuring translation rates in vivo has been achieved with several
methods, with trade-offs striking a balance between generality and pre-
cision. E. coli is the organism with the most intricately studied elon-
gation rates, both in terms of the number of published data as well as
mechanistic insight. Here, I describe these methods and summarize the
measured translation rates (Table 1.1, p. 51).
The first estimates of the polypeptide chain growth rate were done
with bulk cell assays. The amount of protein mass incorporated over
time, multiplied by the fraction of active ribosomes (e.g. 0.77), yields
an estimate for how much protein is incorporated per ribosome per unit
time [Maaløe and Kjeldgaard, 1966]. Normalizing by the mass of an
average amino acid (120 Da) then gives how many amino acids are in-
corporated per ribosome, and normalizing by the growth rate (μ) takes
into account how total protein levels rise in proportion to cellular growth
(Eq. 1.1, p. 25). Subsequent studies used similar reasoning to esti-
mate the elongation rate of E. coli ribosomes synthesizing ribosomal
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proteins [Schleif, 1967,Dennis and Bremer, 1974] or all proteins [Forch-
hammer and Lindahl, 1971]. The result of this analysis is susceptible to
multiple sources of measurement error: 1. the molecular weight of the
average amino acid, 2. the number of ribosomes, which required esti-
mates of the rRNAmass per ribosome, the relative amounts of tRNA and
rRNA in the cell and the assumption that mRNA is negligible, 3. a cor-
rection factor (∼75% – 85%) for inactive ribosomes and 4. the growth
rate of the cells. Furthermore, the result is a population average of
all nascent proteins. Nevertheless, this method consistently produced
values between 10 and 20 a.a. residues per ribosome per second.
a.a./(active ribosome · s) =
protein
120




Methods which avoided these issues were developed, in particular
thosewhichmeasure the synthesis rate of a single protein, β-galactosidase
(encoded by gene lacZ). An average E. coli protein of 300 residues would
be translated in only 15 – 30 seconds, making measurements extremely
difficult, but β-galactosidase is 1,024 a.a. long. Also, the protein cat-
alyzes an enzymatic reaction which can be measured with a spectropho-
tometer, and its synthesis is inducible by IPTG (isopropyl β-D-1-thio-
galactopyranoside), allowing for precise timing. In a pioneering study,
5-methyl tryptophan was used to temporarily poison protein synthesis
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without interrupting transcription [Kepes and Beguin, 1966]. After IPTG
induction, lacZ messages reached their new steady state levels in a few
minutes, but protein synthesis did not occur. Relief of the poison by the
addition of large amounts of regular tryptophan restored ribosome ac-
tivity. The time between the addition of tryptophan and the appearance
of enzymatic activity, known as the delay time, is therefore the minimal
time to synthesize a complete β-galactosidase tetramer. This delay time
was linearly extrapolated, and it was found that between 80 and 90 sec-
onds elapsed before new enzymatic activity was detectable. At the time
of the study, the number of residues per β-galactosidase chain was un-
known, but today we know that the chains are 1,024 residues long, and
so can infer that the translation rate was between 1024 a.a.




80 s = 12.80
a.a.
s .
A second method uses radioactive pulse-chase labeling of nascent
protein. The experiment begins by adding a pulse of radioactive amino
acid, which is diluted with unlabeled amino acids after a set amount of
time. Any increase in radioactivity over time is due to labeled amino
acids which diffused into cells, were ligated to tRNA, reached a ribo-
some and were incorporated into nascent polypeptide. Periodic sam-
pling from the culture, following the chase, shows that amaximal amount
of radioactivity is reached when the last protein containing radioactive
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amino acids is completed. The time when maximum radioactivity is ob-
served corresponds to the time necessary to synthesize a protein. Early
experiments of total ribosome samples roughly estimated that the aver-
age E. coli protein took 5 s to synthesize [McQuillen et al., 1959].
Of course, this time depends on the length of the protein, and so
better resolution demanded either analyzing purified protein, or sep-
arating proteins by length. Lacroute and Stent induced expression of
β-galactosidase, performed a pulse-chase experiment, and then purified
the enzyme. They estimated a delay time of 80s, and thus a translation
rate of 12.8 a.a. s-1 [Lacroute and Stent, 1968]. Gausing modified a
pulse-chase method [Bremer and Yuan, 1968] in which the samples are
run on a denaturing gel and separated by molecular weight [Gausing,
1972]. These data produce averages of similarly sized proteins, and
gave similar estimates of 11.4 a.a. s-1. Further refinements of this last
method separate proteins on 2D gels [Pedersen, 1984] or with more so-
phisticated data analyses [Sørensen and Pedersen, 1991,Sørensen and
Pedersen, 1998], yielding an estimate of 12.5 a.a. s-1 [Sørensen et al.,
1989].
A third method to measure the translation rate is a variation of the
β-galactosidase delay time assay. Unlike Kepes’ experiments, no ini-
tial protein synthesis inhibition is necessary. It was reasoned that, af-
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ter inducer addition, the protein level increases quadratically [Schleif
et al., 1973]. Thus additional time-points measured beyond the first ap-
pearance of additional enzymatic activity can be used to fit the square
root of enzymatic activity versus time. The authors estimated a de-
lay time of 1.2 min, which corresponds to a translation rate of 14.22
a.a. s-1. They also performed the measurement as developed by Gaus-
ing and observed similar rates of 10–13 a.a. s-1, showing good agree-
ment between these two methods. However, it has been argued that
this method can give erroneous results when transcription elongation
is slowed down [Sørensen et al., 1994], or when the time for the newly-
synthesized proteins to fold is slow [Kepes, 1963].
1.6 Parameters which affect
translation elongation rates
The above methods have been used to probe many aspects of how
translation rates are regulated. These include the effect of the medium
and the cellular growth rate [Engbaek et al., 1973,Dennis and Bremer,
1974,Young and Bremer, 1976,Pedersen, 1984], infection by bacterio-
phage T4 [Gausing, 1972], temperature [Goldstein et al., 1964,Farewell
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and Neidhardt, 1998], polyamine concentration [Coffman et al., 1971,
Morris and Hansen, 1973, Jorstad and Morris, 1974], tRNA modifica-
tions [Krüger et al., 1998], ribosomal accuracy and streptomycin sensi-
tivity [Galas and Branscomb, 1976,Gupta and Schlessinger, 1976,Zen-
gel et al., 1977, Andersson et al., 1982, Bohman et al., 1984, Ruusala
et al., 1984,Tubulekas and Hughes, 1993], and mRNA sequence [Peder-
sen, 1984,Sørensen et al., 1989,Sørensen and Pedersen, 1991,Spencer
et al., 2012]. These last two properties are the most relevant to this
work and will be developed in more detail.
1.6.1 Accuracy and streptomycin resistance
Kinetic proofreading explains how template-driven polymerization
can maintain fidelity beyond that which would be explained by ther-
modynamics alone [Hopfield, 1974,Ninio, 1975]. It was predicted that
changes in the translation elongation rate would be met with corre-
sponding changes in translation accuracy [Ninio, 1974], which is true
for some ribosomal mutants. The antibiotic streptomycin has been key
to understanding ribosomal fidelity. Streptomycin-resistant bacteria (SmR)
were found to have mutations to ribosomal protein S12 and are desig-
nated strA. These bacteria can grow in the presence of the antibiotic,
but also suppress the reading of stop codons [Gorini and Kataja, 1964].
29
CHAPTER 1. INTRODUCTION
The ribosomal screen mechanism was first proposed, suggesting that
the ribosome can bind tRNA while simultaneously modulating codon-
anticodon interactions, such that in the case of mismatches the tRNA
will be discarded [Gorini, 1971].
E. coli cells resistant to streptomycin were tested for their transla-
tion elongation rates. It was shown, using the β-galactosidase delay
time assay, that resistant bacteria have slower ribosomes [Galas and
Branscomb, 1976,Andersson et al., 1982], while exposure to the drug in-
creased translation rates in a concentration-dependent manner [Gupta
and Schlessinger, 1976]. These results were confirmed using the β-
galactosidase assay as well as the radioactive pulse-chase method [Zen-
gel et al., 1977]. Sub-classes of streptomycin-resistant strains were fur-
ther explored. The translation rates of streptomycin-dependent (SmD),
pseudo-dependent (SmP) and resistant (SmR) bacteria were compared
using the β-galactosidase method, and it was clear that these mutations
to the ribosome altered the translation rate, which in turn was affected
by the presence or absence of the drug [Bohman et al., 1984,Ruusala
et al., 1984].
Other mutations besides those to the ribosome can alter both riboso-
mal accuracy and rate. A study compared the complementary effects of
mutations to S12 and to EF-Tu and found that single mutations to either
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protein reduced both the elongation rate and growth rate [Tubulekas
and Hughes, 1993]. However, various combinations of the mutations
were largely able to restore growth and translation. They also con-
firmed that a class of non-restrictive mutants have unperturbed elonga-
tion rates, confirming that some, but not all, changes to accuracy have
an effect on the translation rate.
1.6.2 Codon composition
A series of careful studies during the 1980s and early 1990s clearly
demonstrated that codon composition has an effect on translation rates.
The comparison of five E. coli genes, two with “rare” codons and three
with “frequent” codons, was performed using pulse-chase analysis. It
was found that mRNAs with rare codons are translated more slowly
[Pedersen, 1984]. This effect was exacerbated by high expression lev-
els, possibly indicating the depletion of less abundant tRNA. In all cases,
translation rates increased at higher cellular growth rates. Followup
experiments, using inserts of different codons within the lacZ gene, re-
vealed a threefold difference in the translation rates of slow and fast
codons [Sørensen et al., 1989]. Interestingly, no effect of mRNA sec-
ondary structure was observed.
These experiments culminated with extremely detailed analyses of
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the translation rates of a few individual codons [Sørensen and Peder-
sen, 1991]. As before, different inserts were placed within the lacZ
gene; however, a few clever tricks allowed for increased sensitivity of
the analyses. The inserts produced a shift in the migration of the com-
pleted β-galactosidase protein, which allowed for the simultaneous com-
parison of mutated and wild-type mRNA translation rates within a same
culture, controlling for loading error. The researchers were able to de-
compose the relative contributions of individual types of codon within
the inserts, resulting in absolute translation rates for codons GAA, GAG,
CCG and CGA. GAA and GAG both encode glutamate, differing only at
the wobble position. Crucially, they share the same tRNA, and so effects
of tRNA concentration are controlled for. This experiment provides good
evidence that wobble translation is slow, as the GAA codon is translated
with an average rate of 21.6 a.a. s-1, whereas GAG is translated at 6.4
a.a. s-1.
More recently, the same technique was used to assess the contri-
butions of codons within the Luc mRNA. Different synonymous codon
repertoires were employed: a “fast” Luc mRNA, using both cognate
and high copy tRNA, the wild-type (WT) Firefly sequence, and a “CBF”
sequence with the most frequently occurring codons from the E. coli
genome [Spencer et al., 2012]. As expected, the translation rate de-
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pended on the mRNA sequence. A “slow” mRNA was also tested, but
low expression precluded a successful translation rate measurement.
Several experiments which did not provide absolute translation rate
measurements deserve a special mention. A method was developed to
monitor the coupling between transcription and translation within the
pyrE attenuator system [Bonekamp et al., 1985]. Different codons can
be inserted into a lacZ reporter system under control of the system,
and the degree of expression indicates whether or not the translation
elongation rate changes. The method revealed that AGG codons are
slow, regardless of the gene expression level [Bonekamp and Jensen,
1988], a result which is consistent with the observation that AGG codons
are extremely rare and can cause frameshifting [Spanjaard and van
Duin, 1988]. Finally, it was also shown that translation rates depend
on codon composition; however, the relationship is not as straightfor-
ward as might be expected [Bonekamp et al., 1989]. This result should
not be interpreted to mean that tRNA levels or codon composition have




1.7 Is co-translational protein
folding kinetically regulated?
After the discovery that proteins are linearly synthesized, from the N-
terminus to the C-terminus [Dintzis, 1961], and experiments which sug-
gested that E. coli β-galactosidase chains can be found in a tetrameric
form while still ribosome-bound [Zipser and Perrin, 1963,Kiho and Rich,
1964], it was proposed that protein folding pathways could depend on
proximity to the ribosome [Levinthal, 1968]. There has since been much
evidence of co-translational folding (e.g. [Fedorov et al., 1992, Fryd-
man et al., 1999,Nicola et al., 1999,Holtkamp et al., 2015], reviewed
by Fedorov and Baldwin [Fedorov and Baldwin, 1997]), and the ribo-
some itself has been implicated in promoting the folding of nascent or
completed proteins [Kudlicki et al., 1997, Kaiser et al., 2011]. How-
ever, both the degree and extent to which this process is biologically
controlled or beneficial remain unclear. Numerous attempts have been
made to computationally search for synonymous codons which corre-
spond to specific protein secondary structures, yet no unifying prin-
ciples have emerged [Adzhubei et al., 1996, Brunak and Engelbrecht,
1996, Thanaraj and Argos, 1996a, Thanaraj and Argos, 1996b, Xie and














Figure 1.3: The translation rate might alter the distance-
dependent formation of contacts within a nascent polypeptide.
The emergence of a nascent polypeptide from the ribosome tunnel could
be as fast as 20 residues per second or as slow as 5 residues per sec-
ond under identical cellular conditions. a. A nascent protein begins to
adopt secondary structure as it emerges from the ribosome. b. Fast
translation quickly grows the nascent chain, promoting the formation
of contacts between residues far apart in the primary sequence. c. A
translation pause allows extra time for the formation of more local con-
tacts, before additional amino acids are incorporated.
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Nevertheless, the effects of mRNA sequence on co-translational pro-
tein folding have been experimentally tested (reviewed by [Marin, 2008,
Tsai et al., 2008,Zhang and Qian, 2011,Sauna and Kimchi-Sarfaty, 2011,
Deane and Saunders, 2011,Spencer and Barral, 2012,Chaney and Clark,
2015]). However, the majority of these studies have only indirectly
demonstrated such a connection [Crombie et al., 1992, Komar et al.,
1999, Cortazzo et al., 2002, Evans et al., 2008, Kimchi-Sarfaty et al.,
2007, Pechmann et al., 2014]. It has been particularly challenging to
simultaneously and quantitatively show that the folding of the protein
is impaired, that the translation rate has been altered and that the rate
is genetically encoded.
Several studies havemore convincingly shown such a relationship. In
one case, codons which were predicted to be either fast or slow made
E. coli SufI protein more or less sensitive to proteolysis by proteinase K
[Zhang et al., 2009]. Another study looked at the effects of coding on the
translation of a hybrid protein, in which the N- and C-terminal domains
compete for folding with a shared middle domain. It was shown that
“rare” codons immediately upstream of the C-terminal domain promote
the folding of the middle domain with the N-terminal domain [Sander
et al., 2014]. However, in both examples the absolute translation rate
differences were small or undetectable.
36
CHAPTER 1. INTRODUCTION
Recently, a circadian role for protein folding regulated by slow codons
has emerged. This role has been demonstrated in both bacteria and
eukaryotes, even though their proteins are not conserved [Xu et al.,
2013,Zhou et al., 2013,Fu et al., 2016]. Replacing wild-type codons with
faster ones in the Synechococcus elongate kaiBC mRNA eliminated a
temperature-sensitive regulatory response [Xu et al., 2013], suggesting
that the slow codons are adaptive to low temperature, while removing
slow codons in the Neurospora FRQ gene ablated the maintenance of
a clock [Zhou et al., 2013]. Interestingly, in Neurospora these “slow”
codons naturally occur within the part of the FRQ mRNA which en-
codes intrinsically disordered regions of the FRQ protein, an observa-
tion whose significance is unclear. Other results have been shown for
bovine lens protein γΒ-crystallin, whose mRNA was suggested to have
an evolved codon pattern which optimizes protein folding [Komar and
Jaenicke, 1995]. Proteinase K sensitivity data, as well as NMR data,
suggest that synonymous codons can improve or worsen the protein’s
co-translational folding [Buhr et al., 2016].
Firefly Luciferase (Luc) is also a popular model protein for protein
folding. In two studies, one in Neurospora and the other in E. coli,
it was suggested that Luc protein folding is improved after reducing
the translation rate by synonymously re-coding the mRNA [Yu et al.,
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2015, Spencer et al., 2012]. The translation rates in the Neurospora
cell lysates were between 2 and 3 a.a. per sec [Yu et al., 2015], while in
E. coli they spanned roughly 10 a.a. per sec to 20 a.a. per sec [Spencer
et al., 2012]. In both examples, Luc specific activity differences were
observed depending on which codons were present in the mRNA se-
quence, and this result was interpreted to mean that the folding of the
protein was impaired due to changes in translation rates.
Currently, many observations linking translation rates to protein fold-
ing have beenmade, but with no unifying principle which predicts which
residues, or which translation rates, are affected. This issue might
be remedied with more information about protein structures and their
translation rates, yet both are difficult to obtain. However, differences
in codon-specific translation rates might now be detectable using high-
throughput sequencing methods.
1.8 Using ribosome profiling to
understand translation pauses
The translation rate has been measured for individual codons, genes
and transcriptomes, yet measuring the specific translation rates of all
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61 sense codons has been a longstanding challenge. Ribosome profil-
ing, a high-throughput sequencing technique [Ingolia et al., 2009], is
now being used to address this question. In this experiment, mRNA
bound by ribosomes is extracted and subjected to nuclease digestion.
Only the stretches of mRNA residing within ribosomes are protected
from the nuclease. Many such fragments are then sequenced, and the
frequencies of identical sequences within the dataset reveal the rela-
tive translation levels of the corresponding mRNAs, thereby quantifying
their relative translation levels. Ribosomes spend more time translat-
ing slow codons, so it follows that more sequencing reads of a specific
locus reflect slower translation. Two of the first ribosome profiling ex-
periments clearly showed that the data produce regions with high or
low ribosome occupancy [Ingolia et al., 2009,Oh et al., 2011]. In prac-
tice, however, deriving relative translation rate differences using ribo-
some profiling has been difficult [Gritsenko et al., 2015,Wang et al.,
2016b, Weinberg et al., 2016, Liu and Song, 2016], and synonymous
changes to an mRNA were only recently shown to change the ribosome
profile [Yu et al., 2015]. Here is a brief review of the ribosome profil-




1.8.1 Meta analyses of codon occupancy
Analysis of all footprints, averaged together, is known as meta anal-
ysis. Such aggregated data can be used to look for major trends which
might not be otherwise apparent. This approach is valid when compar-
ing codon-specific translation rates as long as the “rules” of translation
are the same between transcripts. One way to evaluate ribosome occu-
pancy of the codons is to count them relative to some expected value.
However, this procedure is not trivial for two reasons. First, a typi-
cal ribosome footprint is ∼10 codons (28 nt) long [Steitz, 1969,Wolin
and Walter, 1988], but only three of these codons are located within the
ribosomal active sites at any given time. Therefore, to understand dif-
ferences in codon translation rates it is crucial to correctly assign the
A, P and E sites within each footprint. Second, determining the refer-
ence codon frequencies is likewise important. These can be derived by
comparing two sets of experiments (e.g. with or without treatment),
or from the codon frequencies of the genome, weighted by expression
level. Numerous studies of this type have been performed, in both bac-
teria and metazoans, each revealing different aspects of translation rate
variation.
As discussed above, translation of the 61 sense codons differs inmany
ways, but most striking is that no organism has 61 matching tRNAs
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[Ninio, 1971,Chan and Lowe, 2009]. Since codons lacking a perfectly
matching, WC tRNA can still be translated, they must be translated by
tRNAs which are imperfect matches. Imperfect matches at the third
codon position are called wobble [Crick, 1966], and it has been demon-
strated that wobble recognition is slow [Kato et al., 1990,Krüger et al.,
1998,Sørensen and Pedersen, 1991,Spencer et al., 2012]. To test whether
all wobble codons are slow, ribosome profiling experiments compared
the incidence of different codons within the ribosome A site, in both
C. elegans and HeLa cells [Stadler and Fire, 2011]. The P site in C.
elegans was assigned to a location within the ribosome by analyzing ini-
tiator tRNA occupancy; this position was offset by one codon in HeLa
ribosomes. It was found that wobble codons are enriched, confirming
that wobble translation is slow and that ribosome profiling can detect
such differences. Similar results were replicated in yeast [Lareau et al.,
2014,Wang et al., 2016a].
The first profiling studies of E. coli did not show a role for wobble
translation [Li et al., 2012]. In fact, all codons had nearly equal ribo-
some occupancy (except for serine, see below), and the authors con-
cluded that codon translation rates in E. coli are not significantly dif-
ferent. This conclusion was problematic for two reasons. The first is
that codon frequencies are not uniform. If all codon translation rates
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are the same, then the observed footprint codon frequencies should be
proportional to the transcriptome frequencies, yet their data show the
opposite. Second, their observations were reconciled with an A site
assignment which is different from eukaryotes’, and is relative to the
3′ end of the footprint [Martens et al., 2015]. When this property was
taken into account, the codon frequencies closely matched the expected
values (data not shown). Still, slow wobble translation in E. coli has not
yet been conclusively demonstrated using ribosome profiling.
Before the recognition step takes place within the ribosome, tRNAs
must first be activated. Functional tRNAs are charged with an amino
acid, and aminoacylation levels depend on themetabolic state of the cell.
Starvation conditions lead to depletion of translation-competent tRNA,
with implications for the translation rate [Elf et al., 2003,Dittmar et al.,
2006], whereas supplementation of amino acids is expected to produce
optimal translation and generally good growth conditions. Consistent
with this idea, selective depletion of specific amino acids led to ribosome
pausing at those codons [Subramaniam et al., 2014]. It was therefore
surprising that E. coli grown in LB (with abundant amino acids) showed
signs of serine limitation [Li et al., 2012]. Under these conditions, ser-
ine codons are over-represented in the ribosomal A site, consistent with
slow translation [Martens et al., 2015]. This effect was ascribed to pref-
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erential serine metabolism as a carbon source, which depletes cellular
serine levels. Another explanation is that active serine detoxification
keeps serine levels perpetually low [Avcilar-Kucukgoze et al., 2016].
The absolute change in the translation rate of serine codons under such
conditions is still unknown, and whether serine codons act as condi-
tional regulators of the translation rate remains unexplored. Never-
theless, these results demonstrate that ribosome profiling has revealed
strong, unanticipated codon-dependent ribosome pausing.
Other codons are expected to give rise to pauses because of the cor-
responding amino acid. Proline, a non-standard “imino” acid, behaves
differently from other amino acids when incorporated into polypeptides.
In vitro experiments had shown kinetic impairment to the translation of
proline codons due to geometric effects, and these were confirmed us-
ing ribosome profiling in yeast [Artieri and Fraser, 2014a,Gardin et al.,
2014,Martens et al., 2015]. Ribosome profiling of wild-type E. coli did
not reveal any general effect [Martens et al., 2015] (Ch. 2, p. 52),
but the deletion of a special elongation factor for prolines (EF-P) also
resulted in proline enrichment in the footprints [Woolstenhulme et al.,
2015]. These results show that E. coli proline codons are not slow un-




The translation rate is often attributed to the kinetics of amino acid
incorporation. However, forces outside the ribosomal catalytic site have
been suggested to slow down translocation. Bacterial ribosomes recog-
nize start codons with the help of the Shine-Dalgarno sequence, whose
consensus sequence is 5′-AGGAGG-3′. This sequence binds an rRNA
bearing the sequence 3′-UCCUCC-5′. Although the binding of the ribo-
some to themRNA takes place during initiation, it is conceivable that the
rRNA could also bind the mRNA at subsequent downstream positions.
Enrichment of high GC content sequences in ribosome profiling data
was presented as evidence of this mechanism [Li et al., 2012,Schrader
et al., 2014]. However, this signal is likely an artifact of library prepa-
ration [Martens et al., 2015,Mohammad et al., 2016] and has not been
replicated in-vitro [Borg and Ehrenberg, 2015].
Charged residues were also proposed to stall ribosomes. Compar-
isons between ribosome densities, in S. cerevisiae footprints, and the
locations of charged residues showed statistically significant relation-
ships [Charneski and Hurst, 2013]. The magnitude of the effect in-
creased when multiple positively charged residues were near one an-
other. Since it has been estimated that the ribosome tunnel is negatively
charged, the clustering of positively charged residues would bind the
tunnel and present an energetic barrier for translocation. This result
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is intriguing because it also suggests a mechanism for the eukaryotic
poly-A tail (encoding positively charged lysine) in halting frameshifted
ribosomes. In fact, it was recently shown in yeast that ribosome stalling
at poly-lysine stretches induces mRNA cleavage [Guydosh and Green,
2017].
A convincing experiment compared ribosome pausing before and af-
ter a treatment which specifically targets the translation of histidine
codons. Histidine biosynthesis is inhibited upon treatment with 3-amino-
triazole, leading to a depletion of the charged tRNAHis [Klopotowski and
Wiater, 1965]. Much as serine depletion causes a rise in serine codons
in ribosome footprints in E. coli, this depletion in S. cerevisiae caused
an increase in histidine codons [Guydosh and Green, 2014,Gardin et al.,
2014,Lareau et al., 2014]. However, while the E. coli serine signal was
located to a specific location within the footprints, this yeast histidine
signal was spread throughout [Martens et al., 2015]. This experiment
produces a clear comparison of the perturbation of a single group of
codons and nicely demonstrates the expected enrichment.
In summary, the detection of ribosome pausing at specific types of
codons, using ribosome profiling, is well established. In the future, an
investigation into whether these general effects occur preferentially in
certain genes, or certain mRNA positions, would be highly informative.
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For example, it might be that some codon-dependent ribosome pauses
are contextually modulated [Gamble et al., 2016].
1.8.2 Meta analyses of ribosome density
along transcripts
Meta gene analysis is the assembly of an aggregated “gene” whose
footprints are summed along the coding region, beginning at the start
codon. Unlike meta footprint analysis, this method keeps track of the ex-
act position where the ribosome was on the transcript, and so captures
average patterns of ribosome distributions along the mRNAs. In two
of the first ribosome profiling studies it was shown that metazoan foot-
prints follow a three base-pair periodicity consistent with the transloca-
tion of the ribosome [Ingolia et al., 2009,Stadler and Fire, 2011]. This
signal, absent from mRNA-Seq data, is strong evidence that ribosome
profiling measures translation.
Meta gene analysis has also been used to study changes in ribosome
densities along the mRNA. Translation elongation inhibitors produce
an increase in ribosome density upstream of the start codon, allow-
ing mRNAs to load a ribosome but preventing elongation [Ingolia et al.,
2009]. It was then shown that this 5′ ribosome density can propagate
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along transcripts [Ingolia et al., 2011]. To measure the average ribo-
some movement, a combination of translation initiation and elongation
inhibitors was employed. In this experiment, a translation initiation in-
hibitor (harringtonine) is added at time zero, and after a variable delay
is followed by an elongation inhibitor (cycloheximide). During the de-
lay, ribosomes will gradually become depleted near, and downstream of,
the start codon as they continue to translocate. When the data for all
transcripts were combined, the growing ribosome density gap became
apparent. These data were used to calculate the average translation
rate in S. cerevisiae, and the resulting value of 5.6 codons s-1 is in good
agreement with estimates from mammalian cell lines [Boström et al.,
1986]. Curiously, regardless of which genes were analyzed, no relation-
ship was found between the codon content of the mRNA and the propa-
gation rate of the ribosome density. This result either suggests that the
codon composition of genes does not influence translation elongation
rates in S. cerevisiae, at odds with previous findings, or that ribosome
profiling is unable to capture gene-specific differences.
The first ribosome profiling studies only analyzed footprints ∼28 nt
long, as this length had been experimentally demonstrated [Steitz, 1969,
Wolin and Walter, 1988]. Based on early work on mRNA protection
within ribosomes, ribosome footprints ∼28 nt long were preferentially
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selected during library preparation. However, selection of smallermRNA
fragments revealed that ribosome footprints from S. cerevisiae com-
prise two different length distributions [Lareau et al., 2014]. These two
classes reflect different conformations of actively translating ribosomes
and can be selectively amplified. One conformation (∼28 nt footprints) is
favored following treatment with cycloheximide, while the other confor-
mation (∼22 nt footprints) is favored by anisomycin. Separating these
two classes of footprints into their own meta-gene analysis reveals that
both exhibit 3 bp periodicity.
Translation inhibitors are an important part of many ribosome pro-
filing protocols because they ensure that ribosomes cease activity dur-
ing preparation steps. Given that translation rates are rapid, even a
one-second delay between cell harvesting and translation arrest could
lead to loss of precision and erode the ability to ascertain single-codon
resolution. For this reason treatment with liquid nitrogen (LN2) has
also been preferred, as it acts quickly and halts all chemical processes
equally. In fact, recent work has shown that any treatment with transla-
tion inhibitors prior to harvesting causes uneven ribosomal arrest and
degrades the local signal [Hussmann et al., 2015]. In this paper the au-
thors analyzed many profiling studies and categorized them by their use
of cycloheximide. They find that codon occupancy in the absence of the
48
CHAPTER 1. INTRODUCTION
inhibitor matches expectations from the tRNA adaptation index (tAI) far
better than with inhibitor. They also demonstrate how different cyclo-
heximide treatment regimes lead to propagating “waves” of ribosome
density, consistent with residual ribosome activity even in the presence
of the inhibitor.
1.9 Perspectives
Translation’s central role in biology has made it a vital area of re-
search, but its sheer complexity leaves us with some basic questions
unanswered. We still don’t know the translation rates of most codons, or
how these rates change depending on conditions. The data thus far sug-
gest that some codons have much higher translation rates than others,
but until this issue is resolved it will be difficult to know to what extent
the translation rate itself is used as a biological mechanism. Ribosome
profiling might finally bring the necessary details that were, until now,
out of reach. This knowledge could be definitive in addressing the ex-
tent to which the mRNA encodes not only the amino acid sequence but
other information as well.
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Table 1.1: Experimentally determined bacterial translation rates
Rate (a.a. s-1) Comment Reference
11.3 [Kepes, 1963]
0.14 – 0.24 0°C [Goldstein et al., 1964]
14 – 17 S. typhimurium [Maaløe and Kjeldgaard, 1966]
11.4 – 12.8 [Kepes and Beguin, 1966]
11 – 15 [Schleif, 1967]
12.8 [Lacroute and Stent, 1968]
10.2 – 11.4 [Coffman et al., 1971]
12 – 21 [Forchhammer and Lindahl, 1971]
11.4, 5.6 WT, T4 infection [Gausing, 1972]
14.2, 10 – 13 [Schleif et al., 1973]
16 – 20 [Engbaek et al., 1973]
17, 10 WT, - polyamine [Morris and Hansen, 1973]
17.5, 9.5 WT, - polyamine [Jorstad and Morris, 1974]
11 – 20 [Dennis and Bremer, 1974]
10.9 – 14.2 [Dalbow and Young, 1975]
12.8, 9.2 WT and StrR [Galas and Branscomb, 1976]
8.5, 3.1 – 4.9 WT, + streptomycin [Gupta and Schlessinger, 1976]
12 – 17 [Young and Bremer, 1976]
6.6 – 7.42, 2.6 – 7.3 WT, + streptomycin [Zengel et al., 1977]
17 – 19 [Andersson et al., 1982]
15, 5 – 11, 10 WT, SmP, SmD [Ruusala et al., 1984]
7 – 17 [Pedersen, 1984]
7.8 – 14 Various streptomycin [Bohman et al., 1984]
50
CHAPTER 1. INTRODUCTION
12.5 [Sørensen et al., 1989]
21.6, 6.4, 5.8, 4.2 GAA, GAG, CCG, CGA [Sørensen and Pedersen, 1991]
7.4 – 12.9 WT, ribosome mutants [Tubulekas and Hughes, 1993]
1.9 – 47 tRNAGlu mutants [Krüger et al., 1998]
7.5, 12.9, 16.9 28°C, 37°C, 42°C [Farewell and Neidhardt, 1998]
9.8 – 19.2 Re-coded Luciferase [Spencer et al., 2012]
12.5 Ch. 3, p. 108
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Ribosome A and P sites
revealed by length analysis of
ribosome profiling data
The high-throughput sequencing of nuclease- protected mRNA frag-
ments bound to ribosomes, a technique known as ribosome profiling,
quantifies the relative frequencies with which different regions of tran-
scripts are translated. This technique has revealed novel translation
initiation sites with unprecedented scope and has furthered investiga-
tions into the connections between codon biases and translation rates.
Yet the location of the codon being decoded in ribosome footprints is
still unknown, and has been complicated by the recent observation of
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footprints with non-canonical lengths. Here we show how taking into
account the variations in ribosome footprint lengths can reveal the ri-
bosome aminoacyl (A) and peptidyl (P) site locations. These location
assignments are in agreement with the proposed mechanisms for vari-
ous ribosome pauses and further enhance the resolution of the profiling
data. We also show that GC-rich motifs at the 5′ ends of footprints are
found in yeast, calling into question the anti-Shine-Dalgarno effect’s role
in ribosome pausing.
2.1 Introduction
Protein production, one of themost fundamental biological processes,
determines the ability of cells to adapt to their environments. Varia-
tions in gene expression allow a cell to modulate which proteins are
produced, which in turn establishes the levels of key cellular actors.
For example, bacteria have evolved intricately regulated protein synthe-
sis and are able to complete the production of new protein within min-
utes of stimulation [Schleif et al., 1973]. Of the three stages of transla-
tion (initiation, elongation and termination), initiation rates are the pri-
mary determinants of protein abundance [Mathews et al., 2007,Schwan-
häusser et al., 2011] and therefore have the largest impact on protein
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production. There is increasing evidence that differential translation
“elongation” influences the folding of nascent polypeptides [Siller et al.,
2010,Spencer et al., 2012,Marin, 2008], but the extent to which trans-
lation elongation is regulated, and how this regulation affects protein
folding, is poorly understood.
Pioneering studies using the ribosome profiling technique have ad-
dressed key issues of translation by quantitatively sequencing nuclease-
protected, ribosome-bound transcript fragments [Ingolia et al., 2009,Li
et al., 2012, Ingolia et al., 2011]. The patterns underlying these ribo-
some ‘footprints’ give clues to nature of the forces behind translation
elongation and the relationships between translation kinetics, cellular
milieu and the genetic code. The canonical ribosome footprint was de-
termined to be 28 nt long [Steitz, 1969,Wolin and Walter, 1988]. As
revealed by deep sequencing, however, there are small but substantial
populations of footprints which are shorter [Lareau et al., 2014]. A pri-
ori, there is no clear way to compare footprints of different lengths and
such differences obscure the exact position of a ribosome along a mes-
sage. The extra nucleotides could conceivably occur at either end of the
ribosome, an issue that remains unresolved.
Although ribosome profiling data have proven to be highly informa-
tive, the location of the codon being decoded within a footprint is still
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unclear. A growing body of evidence suggests that, under certain con-
ditions, the translation of specific amino acids can impair ribosomal
processivity, including proline [Pavlov et al., 2009, Artieri and Fraser,
2014a], serine [Li et al., 2012] and histidine [Guydosh and Green, 2014,
Lareau et al., 2014]. Prolines are thought to impair ribosome proces-
sivity during peptidyl transfer, whereas pausing at serine and histidine
codons is the result of an increased delay while waiting for ternary com-
plex at the A site. Yet other ribosome pausing, due to the anti-Shine-
Dalgarno (aSD) effect [Li et al., 2012,O’Connor et al., 2013], can pre-
sumably occur because of interactions outside the ribosome active site
region and thereby require other mechanisms. The relative contribu-
tions of all these effects to ribosome pausing are unclear. We hypoth-
esized that a better understanding of how the sequence of a footprint,
which reports on the codons being translated, is related to the number
of times it occurs in the sequencing library and therefore the pausing
propensity, could give us insight into both the location of the ribosome
A site and the determinants of ribosome pauses. To test this hypothesis,
we analyzed published datasets, both from yeast and Escherichia coli.
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2.2 Materials And Methods
2.2.1 Computing codon frequencies
Briefly, using previously reported datasets, ribosome footprints were
processed by determining where they align to the genome with Bowtie
[Langmead et al., 2009] and then categorized by length (in codons) us-
ing a Perl program. For each length category, the frequencies of codons
at each position within the footprint were tabulated, where the position
is defined relative to either the 5′ or 3′ end of the footprint. The result-
ing were structured as 64 2D matrices, where each matrix represents
one of the 64 codons and each matrix position represents a codon of
a particular footprint length and at a particular footprint position (Fig.
2.1, p. 57).
2.2.2 Computational processing of
ribosome profiling sequencing
libraries
Data obtained fromE. coli cells grown in LBmedium are fromSRR364368
and SRR364370 (Gene Expression Omnibus (GEO) accession number
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AAA GCA AUG AAA AUG UUU AAA AAU AAU GCA 18 nt footprint
Figure 2.1: Statistical analysis of footprint codon composition.
We count how many times each type of codon occurs in ribosome foot-
prints, while keeping track of the position within the footprint as well as
the length of the footprint. This information is stored in a matrix, where
the color represents a type of codon and the number is the positioning
away from the 3′ end of the footprint.
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GSE33671) [Oh et al., 2011]. All other ribosome footprinting data for E.
coli cells grown in 3-morpholinopropane-1-sulfonic acid (MOPS)medium
come from SRR1067765, SRR1067766, SRR1067767 and SRR1067768
(GSE53767) [Li et al., 2014]. Yeast data were from cycloheximide datasets
SRR1363415 and SRR1363416, untreated datasets SRR1363412 – SRR-
1363414 and 3-AT datasets SRR1363420 – SRR1363423 (GSE58321)
[Lareau et al., 2014] or SRR950450, SRR1040415, SRR1040423 and
SRR1040427 for proline enrichment analysis (GSE50049) [Artieri and
Fraser, 2014b]. Initial processing of the sequencing data was done
largely as outlined previously [Ingolia et al., 2013]. In detail, sequence
read archive (SRA) files were converted to FASTQ files using SRA toolkit
2.3.2-5, program fastq-dump. Ends were trimmed using FASTX toolkit
version 0.0.13.2, program fastx clipper, using options -Q33 -a NNN -l
21 -c -n -v, where the sequence NNN was either CTGTAGGCACCATCAAT
or AAAAAAAAAAAAAA, depending on the library preparation method.
A Bowtie library of rRNA and tRNA sequences was compiled and
Bowtie 1.0.0 was used to remove these sequences from the trimmed
fastq file with options --quiet -p 8 -l 23 --un=SRRxxx.norrna.fq rrna
seqs -q SRRxxx.trimmed.fq >/dev/null (where SRRxxx is the input file
name of the SRR dataset).
The remaining sequences were aligned using Bowtie against the E.
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coliMG1655 or Saccharomyces cerevisiae S288c reference genomewith
options -S -p 8 -l 21 --sam-nohead genome name -q SRRxxx.norrna.fq
>SRRxxx.aligned.SAM. Any unaligned reads were discarded using GNU
grep version 2.18 by keeping only those lines not matching the pattern
‘XM:i:0’ (grep -v -E ‘XM:i:0’ SRRxxx.aligned.SAM >SRRxxx.matched.SAM).
Amerged file of multiple experimental replicates was then created using
GNU cat version 8.21.
The SAM file was converted to a simplified file using a program ex-
ecuted by Perl version 5.18.2. Briefly, sequence mismatches relative
to the genomic reference were corrected, based on the reasonable as-
sumption that the majority of mismatches are due to sequencing er-
rors and not to biological variability. These corrected sequences were
grouped into sets of identical sequences and mapping positions, keep-
ing track of their mapped genomic positions and the number of occur-
rences. A Perl program was used to discard reads which were not
mapped within coding regions or were within 10 codons of the ends
of coding regions. For calculations involving codons, frame was main-
tained either by adding and/or removing 0 or 1 nt at either end, or by
shifting the sequence upstream 0, 1 or 2 nt and making the length a
multiple of three. Sequences were then divided into sets of 3 nt, repre-
senting the in-frame codons and the codons at each position were tallied,
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keeping into account the total length of the sequence and the number
of times the sequence occurred. The resulting tallies were normalized
to percentages and output to a file aligned to either the 5′ or 3′ end. A
similar procedure was used to compute nucleotide frequencies, except
the footprints were neither divided into sets of triplets nor corrected for
reading frame.
2.2.3 Computational processing of
mRNA-seq sequencing libraries
SAM files were prepared from SRA files as above (SRR1067773 and
SRR1067774, GEO # GSE53767) [Li et al., 2014] or (SRR950758, SRR-
950896, SRR951829 and SRR1040263, GEO # GSE50049) [Artieri and
Fraser, 2014b]. The entire lengths of the reads were aligned to their re-
spective genes and the mean read density across all positions was taken
to represent the expression level of a gene. Background mRNA codon
frequencies were computed by counting the codons per gene and multi-
plying by the expression level, and then summing these tallies across all
protein coding genes. Unlike Artieri et al. [Artieri and Fraser, 2014a],
codon-resolution read density corrections were not performed.
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2.2.4 Hierarchical clustering of ribosomal
footprint codon occupancies
Ribosome footprints were 3′-aligned and the footprint positions were
summed across the length classes and normalized, such that, for any
position, the sum of the values across all codons at that same posi-
tion (column) equals 1. Hierarchical clustering of the data was per-
formed using pvclust [Suzuki and Shimodaira, 2006] in R 3.1.1, com-
mand pvclust(data, method.dist=‘cor’, method.hclust=‘average’,
nboot=100000). The absolute 5′ position, and any positions 12 codons
or more from the 3′ end, were ignored to avoid effects from different
footprint lengths as a result of the reported 5′ end biases.
2.2.5 GC content visualization of a
sequence
To visualize the GC content over a particular sequence range, first
the position-specific GC content, defined as 1 for G or C and 0 for A
or U, was computed for the entire sequence. Next, a Savitzky-Golay
smoothing algorithm [Savitzky and Golay, 1964], with window size 27
and polynomial degree 4, was applied to the resulting data to help vi-
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sually discriminate between regions of high or low GC content. The
algorithm was implemented in a Perl program.
2.2.6 Visualization of footprint ends over a
gene using 2D heat maps
A pre-processed SAM file, with sequencing reads corrected to the
genome and identical sequences and mapping positions merged and
with the number of identical reads recorded, was scanned line by line
and for each read a PTT file was scanned in parallel until a gene was
found whose range contained the read mapped position. If a match
was found, then the two endpoints were tracked, however many times
the read occurred. The end result produces a separate file, for any
gene with at least one mapped read, containing the locations of the
endpoints for each mapped read as well as their occurrence numbers.
These pairs of endpoints were then re-arranged in a two-dimensional
(2D) tab-delimited text file, the position within the file (line and tab num-
ber) representing the footprint whose 3′ and 5′ ends spanned those re-
gions. At each position in the text file, the number of footprint reads
was recorded. Places with no reads were marked with a ‘-,’ and were
considered missing when plotting with Gnuplot (version 4.6 patchlevel
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3).
2.2.7 Source code
All source code is made available on the GitHub repository https:
//github.com/atmartens/ribosome_profiling.
2.3 Results
2.3.1 LB induces serine pauses 4 codons
from the 3′ end in E. coli
It was previously shown that, when grown in LB medium, E. coli
ribosome footprints are more likely to contain serine codons than ex-
pected [Li et al., 2012]. This effect was attributed to a depletion of
intracellular serine, and thus of aminoacylated tRNASer, due to the pref-
erential metabolism of serine amino acids in the absence of other carbon
sources. This mechanism is thought to slow ribosomes at the A site, be-
cause the low levels of aminoacylated tRNASer in the cell will cause the
ribosome to pause while waiting until a cognate tRNA molecule arrives.
We thus reasoned that the analysis of serine codon frequencies in ribo-
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some footprints could reveal the location of the A site in E. coli.
To address this question, the frequencies of serine codons in foot-
prints were calculated. As predicted, all six serine codons are enriched
in ribosome footprints (Fig. 2.2, p. 65). Interestingly, we find that the
enrichment is positioned relative to the 3′ end and not the 5′ end. The
codon positions 3 through 5 upstream of the 3′ end are highly enriched
in serine, with position 4 being the strongest. This result suggests that,
in bacteria, the A site is located 4 positions from the 3′ end and that
comparisons between ribosome footprints of different lengths require
alignments relative to the 3′ end, but not the 5′ end.
Although the most obvious pattern in this dataset is the serine en-
richment, we wondered if other codons might likewise have important
position-specific biases. To address this question in an unbiased way, we
used hierarchical clustering to group codons by their position-specific
enrichments. As expected, we find that all six serine codons cluster to-
gether, confirming the serine effect (Fig. 2.3, p. 66) and no other codons
exhibited position-specific biases as important as serine in these data.
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Figure 2.2: E. coli cells grown in LB display serine enrichment in
ribosome footprints. The point of greatest enrichment is 4 codons up-
stream from the 3′ end, regardless of footprint length, suggesting that
longer E. coli footprints have extra sequence at the 5′ end of the ribo-
some. The codons to the left of the jagged line were looked up from the
genome, revealing the sequences of shorter ribosome footprints prior
to nuclease digestion.
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Figure 2.3: Only serine codons are enriched 4 codons from the
3′ end of E. coli ribosome footprints Footprints were aligned to the
3′ end, and the different length categories were merged. To determine
which codons have similar enrichment patterns in ribosome footprints,
hierarchical clustering was employed. After normalizing the codon lev-
els, codons were grouped based on their position-specific enrichments.
The clustering was repeated with bootstrapping to generate p-values
(red numbers). We consider p-values greater than 95 to be significant.
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2.3.2 Prolines can induce pausing in both
yeast and bacteria
The incorporation of proline, an imino acid, into a nascent chain is
potentially conformationally troublesome due to steric and other effects
[Pavlov et al., 2009], a property which should affect all domains of life,
as evidenced by the existence of special elongation factors for proline
in both eukaryotes and bacteria [Ude et al., 2012,Doerfel et al., 2012,
Gutierrez et al., 2013]. This snaring effect has both been measured in
vitro, using stop-flow kinetics [Pavlov et al., 2009] and using ribosome
profiling in yeast [Artieri and Fraser, 2014a]. Given that this effect is
robust, we askedwhether it could be used to calibrate the pause location
in footprints of different lengths, thus giving an indication of where the
ribosome P site was relative to the footprints.
We tallied the occurrences of proline codons at all positions in ribo-
some footprints, separated by footprint length (Fig. 2.1, p. 57) and
normalized these frequencies by the background frequencies from a
parallel mRNA-seq experiment [Artieri and Fraser, 2014a]. The result-
ing data can be visualized as a 2D heat map, where hotter colors rep-
resent enrichment in ribosome footprints relative to the mRNA back-
ground. We confirm that, as previously described in yeast, all four pro-
68
CHAPTER 2. RIBOSOME A AND P SITES
line codons (CCN) are enriched (Fig. 2.4, p. 70). Overall, prolines
are about 1.5–2.5-fold enriched, with CCA being the most and CCG the
least (Fig. 2.4). Furthermore, we find that longer ribosome footprints
show similar codon frequencies as shorter footprints, if the footprints
are aligned to the 5′ end. The positions which are most enriched in
prolines are conserved between the lengths in vertical patterns. For ex-
ample, proline codon CCA is most highly enriched 4 codons downstream
of the 5′ end and enrichment is less at the other positions. Since proline
incorporation is thought to retard ribosome processivity at the P site,
during peptidyl transfer [Pavlov et al., 2009], we infer that the greatest
enrichment at position four indicates the P site location.
Curiously, a similar analysis of E. coli data does not reveal this trend.
We find that, overall, proline frequencies in ribosome footprints, at any
position and of any length, are similar to those in the mRNA background
(Fig. 2.5, p. 71), suggesting either that proline incorporation in E. coli is
not slow or that averaging all footprints together might mask the effect.
We posited that individual E. coli genes, containing long proline repeats,
do experience ribosome pauses. For example, the E. coli gene amiB has
the longest stretch of consecutive proline codons (eight). Contrary to
the absence of observed pausing for individual prolines, we do find that
repeat prolines coincide with a dramatic ribosome pause (Fig. 2.6, p.
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Figure 2.4: Prolines are enriched in yeast ribosome footprints.
Comparing the frequencies of proline codons in mRNA to those in foot-
prints, we find that all four proline codons are over-represented. In par-
ticular, the fourth position downstream from the footprint 5′ end is the
most enriched, regardless of the length of the footprint, suggesting that
yeast footprints align naturally to the 5′ end. Since ribosome stalling
during proline incorporation takes place during peptidyl transfer, these
data suggest the P site is located 4 codons downstream of the 5′ end in
yeast.
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72), suggesting that, at least in extreme situations, prolines can also
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Figure 2.5: Differential proline enrichment in E. coli. Although
the proline codon CCG, and to a lesser extent CCA, is enriched in E. coli
footprints, the codons CCU and CCC are not.
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Figure 2.6: Ribosome density is higher in a proline-rich se-
quence. The E. coli gene amiB has eight consecutive proline codons
(box, codons 130 to 138) which coincide with a sharp rise in ribosome
footprint density, suggesting that, at least in extreme cases, proline
residues do retard translation.
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2.3.3 3-AT causes histidine enrichment at
all positions
The small molecule 3-AT (3-amino-1,2,4-triazole) was previously shown
to specifically inhibit the incorporation of histidines into nascent pro-
teins [Guydosh and Green, 2014,Lareau et al., 2014], presumably by re-
ducing the intracellular tRNAHis concentrations [Klopotowski andWiater,
1965]. The reduction in tRNA exclusively results in in the enrichment of
histidine codons, but not other codons, in ribosome footprints [Lareau
et al., 2014]. Since a reduction in tRNA will increase the time a ribo-
some waits at the A-site, whereto tRNA molecules diffuse randomly, we
reasoned that a comparison of the histidine codon frequencies in ribo-
some footprints would reveal the location of the ribosome A site.
As before, the codons were tallied at all positions and categorized
by ribosome footprints of different lengths. As shown previously, we
find that histidine codons are enriched after 3-AT treatment, at nearly
all positions, comprising a much higher fraction of the total number of
codons in ribosome footprints than from untreated cells (Fig. 2.7, p. 75).
Although the effect is not limited to a single position, the enrichment at
the position 5 codons downstream from the 5′ end is slightly stronger
than at other positions. Despite the weak signal, this position is the
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likeliest candidate of the A site, for it agrees with the proline data, which
set the P site 4 codons downstream the 5′ end. Aligning the footprints
to the 5′ end, as before, tends to conserve vertical enrichment patterns
across footprints of different lengths, again suggesting that, in yeast,
the additional mRNA in longer footprints extends from the 3′ end of the
ribosome.
2.3.4 GC-rich 5′ sequences are present
both in yeast and E. coli
It was previously shown that E. coli and Bacillus subtilis, but not
yeast, ribosome footprints have GC-rich 5′ ends [Li et al., 2012] and that
this effect correlates with footprint length [O’Connor et al., 2013]. This
effect has been explained by the interactions between G-rich mRNA and
the C-rich rRNA (3′ -CACCUCCU-5′), called the aSD effect, and is a ribo-
some pausing mechanism which happens away from the A, P or E sites.
Given the previously discussed pausing effects, which do take place at
the A or P sites, we asked how these different mechanisms contribute
to ribosome pauses as measured by ribosome profiling experiments.
To address this question, we tallied the frequencies of all codons,
both by position and by footprint length. The aSD model predicts that
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Figure 2.7: Histidine codons are enriched following 3-AT treat-
ment. The depletion of intracellular tRNAHis using 3-AT causes a sharp
increase in histidines in ribosome footprints (top) compared to un-
treated cells (bottom). Unlike the proline enrichment, which had a clear
position-specific effect, this enrichment is more evenly spread across the
length of the footprints. However, a strongly conserved vertical pattern
of enrichment at position 5 might indicate the A site position.
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G-rich codons will be more present than other codons, specifically at
the 5′ ends, in a length-dependent manner and will not be enriched in
yeast. To see what sequences are ‘missing’ from the shorter footprints,
these were extended to 45 nt by looking up the sequences from the
genome and aligned to the 3′ end. According to the ‘inch-worm’ hy-
pothesis [O’Connor et al., 2013], the aSD model predicts that longer
footprints are able to fit inside the ribosome if they bind the rRNA more
strongly, giving rise to a correlation between footprint length and 5′ G
content. This hypothesis also predicts that, in E. coli, the sequence oc-
curring immediately prior to ‘shorter’ footprints will not be high G, and
that in yeast there should be no difference between the nucleotide con-
tent of the longer or shorter footprints.
We confirm that E. coli ribosome footprints 5′ ends are G- rich and
that this enrichment grows with footprint length (Fig. 2.8, p. 78). Fur-
thermore, the extended 5′ regions of the shorter footprints are not en-
riched, supporting the aSD model. However, we notice that the extreme
5′ end position is GC-poor, an observation not predicted by the aSD
model. In addition, an analysis of yeast ribosome profiling data also
reveals GC-enriched sequence at the 5′ ends of longer footprints (Fig.
2.9, p. 79), which was not expected. We wondered if some of these
nucleotide biases could be due to artifacts from the library preparation
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or sequencing processes. Nucleotide analyses of mRNA-seq data show
how the library-generation process for both mRNA-seq and ribosome
profiling do cause nucleotide-level GC biases, but that these 5′ end GC
enriched sequences are distinct from the biases observed in the mRNA-
seq data (Fig. 2.10, p. 80). Therefore, a process specific to ribosome
profiling likely imparts specific nucleotide biases in the sequencing data.
2.3.5 Visualizing footprint densities as a
function of read length
The relationships between sequence composition and footprint length
demonstrate the importance of accurately visualizing footprint density
across transcripts. Given the potential for ambiguity in the comparison
of footprints of different lengths, we have developed a graphical method
for simultaneously displaying footprint density, along a transcript, of all
different lengths. Importantly, this method allows us to interrogate the
relationships between ribosome density and mRNA sequence of individ-
ual genes, thereby avoiding the problems associated with genome-wide
averaging of the sequencing data, as shown above.
For example, we highlight a region within theE. coli gene rpsA, which
encodes a highly-expressed protein component of the small ribosome
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Figure 2.8: GC content analysis of E. coli ribosome footprints.
Footprints were categorized by length and each nucleotide position was
measured for its average GC content across all footprints. Shorter foot-
prints were extended to the 5′ end, revealing what the mRNA sequence
was prior to nuclease digestion (jagged black line). We see that the 5′
and 3′ ends of footprints, regardless of length, have some strong GC
biases. Furthermore, the longer footprints have increasingly high GC
content downstream from the 5′ end.
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Figure 2.9: GC content analysis of yeast ribosome footprints. The
yeast genome has a lower GC content than the E. coli, as visible by the
cooler colors. Nevertheless, we observe, as in E. coli, sequence biases
at the ends of the footprints as well as a length-dependent increase in
GC content downstream from the 5′ end.
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Figure 2.10: GC content analysis of mRNA seq data. To better un-
derstand the sequence biases noticed in the ribosome footprinting data,
they were compared to mRNA-seq data, which underwent many of the
same steps but fundamentally report on different biological phenomena.
We find that these data have nucleotide biases near the 5′ ends of the
reads, but that there is little to no GC enrichment in a length-dependent
manner.
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subunit. By plotting the footprint coordinate endpoints on the x and y
axes, and the read number as a heat map, we can see how footprint
length heterogeneity varies across a gene (Fig. 2.11, p. 82). Remark-
ably, we find that regions of low footprint density correlate with low GC
regions, exactly as seen in the previous analysis of total ribosome foot-
prints. The nucleotide biases at the ends are also apparent: footprints
tend to be GC-poor at either extremity, regardless of length. Similarly,
using this method we can see how the peak in read density along the E.
coli gene amiB (Fig. 2.12, p. 83) coincides with the eight consecutive
proline codons and how these footprints have a slightly altered length
profile compared to those from the rest of the gene, a feature which
would have remained hidden with more conventional plots.
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Figure 2.11: Plotting ribosome footprints by tracking the 3′ and
5′ end coordinates and displaying the read count using a heat
map. A section of the highly-expressed E. coli gene rpsA shows ar-
eas of high and low sequence coverage, indicating which parts of the
transcript have, on average, more or less ribosome density. Using the
footprint length information juxtaposed with the average GC content,
we can see how there is a strong relationship between the read length
and the 5′ GC content.
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Figure 2.12: Plotting ribosome footprints by tracking the 3′ and
5′ end coordinates and displaying the read count using a heat
map. The lower expression level of the gene amiB is reflected by a lot
of empty space, but clearly the peak of reads at the eight consecutive
prolines stands out.
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2.4 Discussion
2.4.1 Understanding footprint length
differences through position-specific
codon frequencies
The principle underlying the ribosome profiling technique is the pro-
tection of mRNA from nuclease by the ribosome. Though a typical foot-
print is 28 nt long, recent evidence has demonstrated that many foot-
prints are longer or shorter. For example, ribosomes which halt at trun-
cated mRNA molecules lack sequence at their 5′ ends, producing ∼15
nt footprints [Guydosh and Green, 2014]. Footprint length heterogene-
ity has also been associated with different conformations of the ribo-
some, which can be preferentially selected through the use of small
molecule inhibitors of translation elongation [Lareau et al., 2014]. Fur-
thermore, the distribution of sequencing read lengths has been used to
distinguish between true ribosome footprints and other nucleic acids,
such as mRNA or rRNA which is protected from nuclease treatment by
non-ribosomal molecular complexes and which therefore do not consti-
tute true ribosome footprints [Ingolia et al., 2014]. The mechanism by
which elongation inhibitors generate footprint length heterogeneity is
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unknown and these length differences complicate the analysis of ribo-
some footprinting data: a priori, there is no default way to compare two
footprints of different lengths.
Without any further information, it is conceivable that footprints should
be aligned to the 5′ end, to the 3′ end, somewhere in between, or that
no single alignment is correct. We have empirically found that aligning
yeast footprints to the 5′ end preserves the same position-specific codon
frequency differences between the different lengths and agrees with
previously reported alignment methods in yeast [Lareau et al., 2014].
Crucially, two steps of translation, which take place at either the A or
P sites and are located one codon apart, are found to cause codon en-
richments which are also one codon apart. The distinct mechanistic
explanations for these two types of pauses agree with our knowledge
of ribosome structure. This agreement is particularly compelling given
that the experiments were peformed independently and confirms that ri-
bosome profiling is sensitive enough to detect these types of translation
rate differences.
This alignment places the ribosomal P site 4 codons downstream of
the 5′ end of the footprint and the A site 5 codons away. Longer foot-
prints thus appear to, on average, have extra mRNA at the 3′ end. E. coli
footprints, however, align to the 3′ end, as demonstrated by the sharp
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serine enrichments 4 codons upstream from the 3′ end; the explanation
of this difference remains unclear, but suggests that, unlike in yeast, ad-
ditional mRNA extends past the 5′ end of the mRNA and that different
computational methods need to be applied when examining eukaryotic
or bacterial datasets.
2.4.2 Sequencing longer footprints to
distinguish artifacts from biological
mechanism
In addition to the aforementioned position-specific codon biases in
footprints, which we can attribute to specific steps during protein syn-
thesis, we also find, as previously reported [Artieri and Fraser, 2014a,
Hansen et al., 2010], that sequencing data contain substantial GC bi-
ases, only some of which are shared between mRNA-seq data and ri-
bosome profiling data. Although these biases are problematic because
they complicate the estimates of true molecular levels, in principle it
should be possible to partially correct for over- or under-representation
of ribosome footprints by using themRNA-seq data as a reference [Artieri
and Fraser, 2014a]. However, we also notice biases present in the ribo-
some profiling data, both in yeast and in E. coli, which are absent from
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the mRNA-seq data. These biases could either be due to library genera-
tion steps unique to ribosome profiling or to true translation events. For
instance, the 5′ ends of footprints are GC-rich, while the ends of mRNA
sequencing reads show no such bias. This type of 5′ enrichment was
previously attributed to the aSD effect in E. coli [Li et al., 2012,O’Con-
nor et al., 2013], but the same effect is also present in yeast, calling into
question the hypothesis.
The efficiencies of several in vitro processing steps, such as linker lig-
ation, reverse transcription or polymerase chain reaction, could be im-
pacted by terminal sequence composition. However, these three steps
were also used when generating the mRNA-seq data. The defining step
during ribosome profiling experiments, which is absent from other se-
quencing experiments, is the treatment of the sample with nuclease [In-
golia et al., 2009]. Given that nucleases tend to cut GC-poor sequences
[Hörz and Altenburger, 1981,Dingwall et al., 1981], rather than GC-rich
sequence, we propose that longer ribosome footprints result from in-
complete nuclease digestion at mRNA 5′ ends. This was hinted at using
experiments looking at ribosome stacking on a single bovine transcript,
where lesser nuclease treatment revealed longer footprints [Wolin and
Walter, 1988], and could easily be tested by performing ribosome pro-
filing experiments with variable nuclease treatments. If nuclease sen-
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sitivity explains footprint length heterogeneity, it would also suggest
that different ribosome conformations, such as those induced by small
molecule inhibitors of translation [Lareau et al., 2014], have different
nuclease susceptibilities. Likewise, the length differences of ‘contami-
nant’ sequences could be explained by variable nuclease susceptibility
in these other molecular complexes [Ingolia et al., 2014].
The possible role library generation plays in introducing sequence
biases highlights some key steps of the ribosome profiling methodology
which must be carried out carefully, lest the data become skewed or mis-
interpreted. Although a canonical footprint is 28 nt in length, in prac-
tice we observe footprints as long as 45 nt. This means that sequencing
reads should be at least 50 nt long and that the gel purification of size-
selected fragments should likewise include longer molecules. Omitting
these precautions will result in the under-representation of GC-rich se-
quences in the final datasets and might explain why GC-rich 5′ footprint
ends were not noticed in the original yeast studies.
This chapter was previously published in Nucleic Acids Research un-
der the title “Ribosome A and P sites revealed by length analysis of ri-
bosome profiling data.”, [Martens et al., 2015], https://academic.oup.









Pronounced translation kinetics differences, in particular at ribosome
pause sites along an mRNA, have been implicated in downstream bio-
logical processes such as the regulation of gene expression and of co-
translational protein folding. Yet measurements of the translation elon-
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gation rate of specific mRNAs are surprisingly few. The in vivo trans-
lation rate of the E. coli lacZ mRNA, a model for gene regulation, has
been determined using several different methods, consistently ranging
between 10 to 15 a.a s-1 under typical conditions [Kepes and Beguin,
1966, Lacroute and Stent, 1968, Schleif et al., 1973, Sørensen et al.,
1989]. Themost precise measurements of the lacZ translation rate were
determined using radioactively labeled methionine pulse-chase experi-
ments [Sørensen et al., 1989]. It was estimated that the translation rate
averages 12.5 a.a. s-1, with some evidence of minor variations across
the mRNA. Given this information, it should be expected that ribosome
pausing along the lacZ mRNA is relatively uniform.
Although the relationship between the translation elongation rate
and the accumulation of ribosome density is straightforward, it has been
shown using simulations that the consequences of ribosome queue for-
mation are not trivially understood (reviewed by [von der Haar, 2012]).
Simulating translation has been done using “top-down” approaches, which
use differential equations to derive mathematical relationships between
physical parameters, and “bottom-up” approaches which beginwith rules
for ribosome movement and follow individual trajectories over time. In
order for these simulations to successfully predict ribosome densities,
accurate parameters must be provided. This information, including the
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translation initiation and elongation rates, is unknown for most genes,
however the lacZ mRNA has been extensively characterized (e.g. [Ken-
nell and Riezman, 1977,Sørensen et al., 1989]).
It is now possible to use ribosome profiling to investigate the ribo-
some density across an mRNA. Yet, using this technique to measure
genome-wide translation rates has not yet been achieved. For example,
ribosome profiling can detect pauses at specific types of codons which
are slower than average [Subramaniam et al., 2014,Martens et al., 2015,
Woolstenhulme et al., 2015], yet the degree to which ribosome profil-
ing reports on translation rates is not well understood. We previously
collected ribosome profiling data of E. coli which, incidentally, were ex-
pressing lacZ, numbering 30 experiments in total (Ch. 4, p. 136). By
comparing the resulting ribosome density measurements with previous
measurements of the translation rate and stochastic simulations we pro-
vide new evidence that the translation rate of the lacZ mRNA is not
constant.
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3.2 Methods
3.2.1 Simulation of a polysome
The simulation begins with a naked mRNA. After each tick of the
global clock a ribosome is either loaded onto the mRNA, or progresses
by 1 codon, if a new pseudorandom number (between 0 and 1) is less
than or equal to the probability for the start codon or the A-site codon.
New ribosomes are placed onto codons 0 – 4, with the A-site codon lo-
cated at position 1 [Martens et al., 2015,Woolstenhulme et al., 2015].
Each ribosome stores its A-site positioning as well as its 5′ and 3′ coor-
dinates, which are increased by one upon successful advancement. The
ribosome’s footprint size initially grows as the ribosomes progresses un-
til it reaches a maximum length of 10 codons. For each iteration, first
the most advanced ribosome (nearest the 3′ end) is processed, followed
in order by those successively nearer the 5′ end. However, a ribosome
is never allowed to load onto the mRNA or progress forwards by one
codon if its 3′ coordinate is blocked by a downstream, neighboring ri-
bosome’s 5′ coordinate. When a ribosome terminates translation it is
entirely removed in a single step. The entire trajectory history for all
ribosomes can be recorded (Fig. 3.1, p. 94).
The simulation requires as input the length of the mRNA, the transi-
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tion probabilities for each codon and the total simulation time. It then
proceeds in discrete time steps until reaching the given maximum num-
ber of iterations. This algorithm is similar to others in the literature [Mi-
tarai et al., 2008]. The master clock ticks once per iteration and is unit-
less — its physical meaning depends on how the transition probabilities
are defined. We use the convention that a probability of 0.1 is equivalent
to a rate of 20 a.a. s-1, which means that the fastest possible rate is 200
a.a. s-1 (p = 1.0). This maximum rate is roughly ten times greater than
typical rates in E. coli and therefore satisfies the required time resolu-
tion. If desired, other conversion factors can be used instead, balancing
resolution with execution time.
Multiple mRNAs can be simulated in the same experiment. Either
a fixed number are generated at the same initial time, or new ones
are generated with some frequency. To speed up this procedure, each
polysome is spawned as a new thread. These threads are “synchro-
nized” by initiating them with the iteration number at that spawn time.
All code was executed using Perl v5.24.1.
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Occluded? rand ≥ pinit?
Yes: do not load
......... ......
Advance ribosome? Collision? rand ≥ pelong?
Yes: do not advanceTerminate translation?Analyze trajectories
Protein production Avg. translation rate mRNA densityPulse-chase
Figure 3.1: The logical flow of the polysome simulator. Using a set
of translation rates, one for each codon, many polysomes can be simu-
lated, providing detailed access to the microscopic state of the system
at each discrete time interval. The individual ribosome trajectories can
then be analyzed to re-construct the macroscopic state, including sim-
ulating the radioactive pulse-chase experiment, observing the increase
in protein over time, calculating the average translation rate and calcu-
lating the mRNA density.
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3.2.2 Simulating production and
pulse-chase labeling of new proteins
The polysome simulation allows for not only the generation of indi-
vidual ribosome trajectories over time, but also for the calculation of
global properties of all polysomes in the simulation. In particular, the
rate of protein production following inducer, as well as the incorpora-
tion of radioactively labeled amino acid, can be calculated from these
simulations. To measure the protein production over time as following
the addition of inducer, each iteration a new mRNA is generated with
p = 0.005 (0.1 s-1). Each polysome records the number of completed pro-
teins at each iteration value, and these values are then summed across
all polysomes to compute the total increase in proteins over time. In
the case of an in vitro translation system to which a large quantity of
mRNA are added at once, the simulation is performed with a fixed num-
ber of mRNA at the outset. As with the delay time assay, the data are
the summed proteins per iteration across all polysomes.
The pulse-chase experiment also begins with a fixed number ofmRNA,
which are allowed to populate with ribosomes and reach a steady state.
In practice, this means that this experiment can be performed at the
same time as the “in vitro delay time” experiment. After the simulation
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is complete, the individual trajectories of the ribosomes on each mRNA
are analyzed. This step also requires the input of the pulse start time
and duration, the amino acid sequence of the protein and the type of
amino acid to label with. Any trajectory which eventually completes a
protein during the experiment and was being synthesized during the
pulse of labeled amino acid is included in the analysis. This strategy
allows for probing the same experiment using different combinations
pulse and chase times or of labeled amino acids without re-simulating
the polysomes.
For each trajectory the two ribosome A-site positions, at the start
(pulse) and end (chase), are determined. If the protein came into exis-
tence after the pulse but before the chase, or was released from its ribo-
some before the chase and after the pulse, then these values are used in-
stead. Then, the equivalent amino acid residues corresponding to these
two codon positions are calculated, and the number of labeled residues
within this window is determined from the amino acid sequence. This
value is added to an array containing a number for each iteration, rep-
resenting which nascent peptides were completed and when. In the
following examples only methionine was labeled, though any other com-
bination of labeled amino acids can be used as well.
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3.2.3 Experimental measurement of the
translation rate using the delay time
assay
The delay time assay was performed as in [Schleif et al., 1973], with
the following modifications. A 250 ml flask containing 15 ml MOPS
glycerol medium was inoculated with E. coli MG1655. After overnight
growth in the exponential phase (250 RPM, 37°C, doubling time of 90
min) and reaching an OD600 of ∼0.40, the cells were transferred to a
pre-warmed 100 ml beaker, shaking at 37°C, and incubated for 1 min.
IPTG (GoldBio, cat. no. I2481C) was added (tzero) to a final concentra-
tion of 1 mM, and 120 μl aliquots were removed at 5 s time intervals
into 1.5 ml Eppendorf microcentrifuge tubes containing 180 μl MOPS
medium with 550 μg/ml chloramphenicol. To consistently remove the
aliquots at exactly 5 s, a timer was placed next to the test tube rack
and set to count down. Cells were slowly removed by micropipette for
two seconds, to prevent the formation of air bubbles, and then were in-
jected into the tubes in less than one second. Once all aliquots were
removed they were incubated 10 min at 37°C in order to allow newly-
synthesized proteins to fold. 300 μl of buffer 1 (200 mM NaPO4 pH 7.0,
2 mM MgSO4, 200 mM β-mercaptoethanol) was added, followed by 5
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μl of toluene and vortexing for 5 s. 120 μl of buffer 2 (4 mg/ml ONPG
(ortho-Nitrophenyl-β-galactoside, Sigma Aldrich cat. no. 73660) in 50%
buffer 1) was then added successively to each sample, and the reac-
tions were incubated 1 h in a 28°C water bath. The reactions were then
quenched with 300 μl of 1 M Na2CO3. 240 μl were transferred to a clear
96-well plate (Falcon, cat. no. 353072), and A420 measurements were
performed using a Berthold TriStar2 plate-reader luminometer with a
420 nm emission filter (Berthold, cat. no. 39452).
The absorbance at 420 nm, which reports on the concentration of
ortho-nitrophenol, is proportional to the level of β-galactosidase enzyme.
The total enzyme level depends on the basal expression before induc-
tion (b) and the rate of increase in mRNA and enzyme levels following
activation of transcription and translation (m). However, enzyme levels
only increase after the delay (τ), which represents the time for the fol-
lowing steps to occur: 1. entry of inducer into the cell, 2. de-repression
of LacI, 3. transcription of the ribosome binding site, 4. translation
initiation and 5. synthesis and release of a complete monomer by the
ribosome. An incubation step allows for the formation of functional β-
galactosidase tetramers, which is not considered part of the delay. To
model the transition before and after the appearance of new enzyme, we
used the heavyside unit step function H. Before this delay, only basal
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enzyme is present, and m and τ are ignored (t ≤ τ , H(t − τ) = 0). After
the delay, m and τ are included (t > τ , H(t− τ) = 1) (Eq. 3.1, p. 99).
A420(t) = b+m · (t− τ)2 ·H(t− τ) (3.1)
3.2.4 The theoretical protein production
rate as a function of the initiation
and elongation rates
The mean time τ̄ required for a ribosome to engage and then leave
the start codon is the sum of the mean times of these two steps (Eq. 3.2,
p. 99). The time required for initiation is just the inverse of the initia-
tion rate ki. However, the time for clearing space for the next ribosome
depends on the amount of mRNA sequence occupied by a ribosome, w.
If w = 10 codons, then the time required for leaving this space is the
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3.2.5 Cloning the Luciferase gene into the
high copy pUC19 vector
In addition to the vectors described in chapter 4.2.2, p. 145, an addi-
tional vector bearing the gene encoding fast luciferase was assembled
for reasons beyond the scope of this chapter. Cells expressing this vec-
tor were also inducedwith IPTG, and their β-galactosidase ribosome pro-
filing results have been included in this analysis. The Plac promoter, Luc
F CDS and downstream transcriptional terminators were amplified by
PCR using primers ATM46 (5′-CCCGAAAAGTGCCACCTGACTGGCACGACAGGTTTC
CC-3′) and ATM47 (5′-GCCTTTTGCTGGCCTTTTGCTCAAAGAGTTTGTAGAAACGCAAA
AAGG-3′), with Q5 DNA polymerase, 10 mM primers, 0.2 ng / μl template
(pACYC177 / lucF) and the following parameters: 98°C denaturation for
30 s, and then 35 cycles of 98°C for 10 s, 64.5°C annealing for 15 s, 72°C
extension for 75 s, and a final 2 min denaturation at 72°C. pUC19 DNA
was digested with restriction enzymes ZraI (New England BioLabs, cat.
no. R0659) and PciI (New England BioLabs, cat. no. R0655). The PCR
product and vector backbone were ligated using the Gibson assembly
method and transformed into E. coli NEB 5α cells (cat. no. C2987).
After plating onto LB Ampicillin plates and overnight growth at 37°C,
colonies were picked and re-streaked. Plasmid DNA was prepared us-
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ing the GeneJet miniprep kit (ThermoFisher cat. no. K0502), and was
then transformed into E. coli MG1655.
3.2.6 Ribosome profiling
Ribosome profiling was performed as in chapter 4.2.5, p. 152. The
footprints across the lacZ mRNA were assigned using constant 30 nt
widths, aligned to the 3′ end of the read. Then, total densities were
window averaged with a window size of 201 nt.
3.2.7 Translation Index
The same translation index was used as described in chapter 4.2.1,
p. 139.
3.3 Results
3.3.1 lacZ ribosome densities are not
uniform
To collect ribosome density data for the lacZ mRNA, we performed
30 different ribosome profiling experiments in E. coli grown under the
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Figure 3.2: The pUC19 vector bearing Luc F. The Luc F gene was
cloned into this high-copy vector using Gibson assembly on the strand
opposite the ampicillin resistance gene bla. Cells carrying this pasmid
were induced with IPTG, activating lacZ exprssion, and analyzed using
ribosome profiling.
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same conditions, in minimal medium with IPTG. We note that these E.
coli strains are not identical, as they each bear one of several different
pACYC177 plasmids, some of which carry synonymously re-coded Luc
genes (for more details, see Ch. 4, p. 136). Since we have not found any
evidence for changes, between these strains, in position-specific ribo-
some pausing along endogenous mRNAs (data not shown), we inferred
that Luc expression does not affect the translation kinetics of the lacZ
mRNA. We do observe that ribosome densities are not uniform along
the mRNA in all the individual profiles, however inferring statistical sig-
nificance from sequencing experiments depends on both the number of
replicates and their sequencing depths [Busby et al., 2013], and so it
is not possible to draw conclusions from any single dataset. Therefore,
we took advantage of the high sequencing depth and statistical power
provided by such a large number of experimental samples to investigate
ribosome pausing as measured using ribosome profiling.
After merging these datasets, we observe that ribosome densities, as
measured using ribosome profiling, are not uniform (Ch. 3.3, p. 105).
For comparison the translation index [Spencer et al., 2012], a dimen-
sionless scale which has been used as a proxy for translation rates (Ch.
4.2.1, p. 139), also does not yield a uniform profile. Since neither profile
is uniform, we wondered whether the ribosome profiling data indicate
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local ribosome pauses which had not previously been detected. Such
pauses could conceivably be the result of codon-dependent translation
rate differences, or due to collisions between or queuing among neigh-
boring ribosomes.
To explore these possibilities we have developed a software program
which stochastically simulates the progression of ribosomes along an
individual mRNA. By analyzing many individual ribosome trajectories
together, it is then possible to simulate the types of experimental ob-
servables which have previously been reported in the literature. In ad-
dition, information which is not easily measured from experiments, such
as the frequency, duration and location of collisions between adjacent
ribosomes, can also be gathered. In these simulations, discrete rates
for ribosome movemement are programmed for initiating at the start
codon, as well as moving from one codon to the next, with codon-specific
resolution. However, these intrinsic rates are theoretical upper bounds
which are only attained at low ribosome densities, as ribosome binding
and movement may also be limited by collisions with other ribosomes.
3.3.2 Simulating the “delay time” assay
There are several experimental techniques which measure the trans-
lation rate of an mRNA. The delay time between addition of inducer
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Figure 3.3: Ribosome densities and predicted translation effi-
ciencies along the lacZ mRNA are variable. Ribosome occupancies
in E. coli cells expressing lacZ were recorded, producing a high level of
sequencing depth and 30 separate replicates. For comparison, the av-
erage predicted translation efficiencies are also shown [Spencer et al.,
2012] (Ch. 4.2.1, p. 139; Table 4.1, p. 145). Both the sequencing data
and the translation efficiency exhibit considerable variation across the
mRNA. This variation could indicate local differences in average trans-
lation rates.
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(IPTG) and the appearance of new β-galactosidase protein is often used
to determine the average translation rate of an mRNA (Ch. 1.5, p.
24). We can simulate this experiment by generating many independent
mRNAs and tabulating the time to completion of the individual proteins.
These mRNAs are randomly generated over time, as would occur fol-
lowing induction of transcription by the inducer. The linear increase
in mRNA copy number over time, combined with translation of these
mRNAs, produces a quadratic increase in protein over time [Schleif
et al., 1973]. We find that the simulated time of appearance of new pro-
tein clearly depends on the translation rate (Fig. 3.4, p. 107), and pro-
duces a curve with the same characteristics as produced experimentally
(Fig. 3.5, p. 108), confirming that the simulation is able to recapitulate
known behavior.
3.3.3 The lacZ translation rate is not
uniform
It was previously observed that the lacZ mRNA translation rate is
not constant [Sørensen et al., 1989]. This conclusion was reached us-
ing the radioactive pulse-chase labeling of methionine residues within
nascent β-galactosidase. This experiment works by adding short pulses
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Figure 3.4: The delay time between addition of inducer and ap-
pearance of the first new proteins is affected by the translation
elongation rate. The polysome simulator was used to compare how
the production protein rate depends on the translation elongation rate.
For each simulation, new mRNAs were randomly generated over time,
producing the expected linear increase in the levels of transcript and a
quadratic increase in protein levels. The translation rate controls the
time before the appearance of the first proteins, but has little effect on
the subsequent rate of protein production.
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Figure 3.5: Our experimental translation rate measurement of
the E. coli lacZ mRNA agrees with the literature values. The first
noticeable change in β-galactosidase activity occurs at roughly 100 s
after the addition after IPTG, however fitting the model from Eq. 3.1
indicates that the first new β-galactosidase proteins were synthesized
after 82 s. This time corresponds to a 12.5 a.a. s-1 translation rate,
in good agreement with other measurements [Kepes and Beguin, 1966,
Lacroute and Stent, 1968,Schleif et al., 1973,Sørensen et al., 1989].
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of radioactively labeledmethionine to a growing culture with active ribo-
somes. Then, after a variable amount of time, the radioactive methion-
ine is diluted (chased) with non-radioactive methionine. Proteins which
were completed between the pulse and the chase contain radioactivity if
a ribosome incorporated a labeled methionine residue during that time.
These proteins accumulate increasing amounts of radioactivity until the
time difference between the pulse and chase exceeds the amount of time
required to incorporate all methionine residues (which is approximately
the same as the time required to make a full protein), at which point the
radioactivity is maximal (and equivalent to every methionine being la-
beled). To estimate the translation rate of the lacZ mRNA, we simulated
the incorporation of methionine residues in nascent proteins using two
different, constant translation rates along the mRNA. As expected, the
shape of the resulting incorporation profile is similar to what has been
experimentally determined (Fig. 3.6, p. 111). Yet, neither simulation
fits the entire curve. In particular, the last ∼20 sec of timepoints stand
out as being different from the first ∼70 sec, consistent with a shift in
the translation rate. By carefully comparing different regions of the var-
ious simulated curves to the experimental data, we iteratively refined a
combination of two translation rates which reproduces the entire curve.
This result predicts that translation begins at a rate of 9.0 a.a. s-1 before
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proceeding to 13.5 a.a. s-1. However, testing this prediction is difficult,
as further refining the translation rate with smaller time intervals is
technically challenging and not trivial.
Using these translation rates, we next tallied the final ribosome den-
sities on 10,000 lacZ mRNAs simulated for 280 s (Fig. 3.7, p. 112). As
expected, the resulting density profile has higher density downstream of
the start codon, where translation is slower (codons 1-251), followed by
lower density, where translation is faster. However, this profile does not
strongly resemble the ribosome profiling data that we have collected,
suggesting that there is more local variability in the lacZ mRNA trans-
lation rate than is readily measured using the pulse-chase method.
3.3.4 Stochastic ribosome progression
promotes ribosome collisions
Ribosome pausing along the lacZ mRNA, caused by translation of
slow codons, could be accentuated by collisions or queuing among ad-
jacent ribosomes. Queue formation, or the close association between
consecutive ribosomes, slows down translation whenever a ribosome
blocks the progression of other ribosomes. The degree of queue for-
mation depends on the relative magnitudes of the translation initiation
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Figure 3.6: lacZ mRNA is not translated with a uniform transla-
tion rate. After allowing the simulated ribosomes to populate mRNA
for 100 s, the nascent proteins were labeled with radioactive methion-
ine, followed by a chase of unlabeled methionine. a. Constant fast (13.5
a.a. s-1) translation. b. Constant slow (9.0 a.a. s-1) translation, with
an offset to show the overlap at later timepoints. c. Slow translation
for the first 250 codons (blue) and then fast for the remainder (black).
This merged simulation gives a result similar to literature values across
the entire simulation (red circles, from [Sørensen et al., 1989]). Slight
deviations can be seen around 45 and 60 s, which could either indicate
noise in the original measurements or slight deviations from the fast
rate. These rates yield an overall average of 12.1 a.a. s-1 which is only
slightly lower than previously estimated.
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Figure 3.7: The lacZ ribosome density is more complex than pre-
dicted from pulse-chase experiments. Ribosome density along the
lacZ mRNA as simulated by translation at 9.0 and 13.5 a.a. s-1. 10,000
mRNAs were simulated for 280 s, and the final densities of each simu-
lation were averaged together.
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and elongation rates. Queueing is analogous to cars traveling on a sin-
gle lane road, entering a toll bridge [Itano, 1968]. Much as the flow of
traffic becomes congested when many cars slow down to pass through
the toll gates, ribosomes form queues when the rate of adding new ri-
bosomes to a polysome is much greater than the rate of ribosome pro-
gression along the mRNA. To evaluate the likelihood of queue formation
on the lacZ mRNA, we simulated different combinations of translation
initiation and elongation rates and looked for several signatures.
We began by simulating translation using the estimated parameters
in the literature. Translation of the lacZ mRNA was simulated for 90
s (Fig. 3.8 p. 114), slightly more than the time for the completion of
a β-galactosidase protein when translating at 12.5 a.a. s-1. The initia-
tion rate was set to 0.33 s-1, as has been previously reported [Kennell
and Riezman, 1977,Sørensen et al., 1989]. We can clearly see the oc-
casional, random appearance of ribosomes at the 3′ end of the mRNA.
These ribosomes progress at roughly uniform rates, as evidenced by the
approximately parallel trajectories. However, even though many short-
lived collisions are observed, suggesting that ribosome collisions are
possible given this combination of initiation and elongation rates, no
significant queues appear to form.
If ribosome progression is stochastic, then the synthesis times of a
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Figure 3.8: Stochastic simulations provide detailed insight into
the behavior of ribosomes on anmRNA. The average translation rate
is constant across themRNA, yet there are both collisions and large gaps
between adjacent ribosomes. Initiation and elongation rates were 0.33
s-1 and 12.5 a.a. s-1, as previously measured for the lacZ mRNA [Ken-
nell and Riezman, 1977,Sørensen et al., 1989,Sørensen and Pedersen,
1991].
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protein will vary from one ribosome to the next. While strictly constant
translation initiation and elongation rates produce a defined spacing
between consecutive ribosomes, stochastic ribosome progression can
amplify the formation of ribosome queues by increasing the probabil-
ity of ribosome collisions. Attempts were previously made to show that
the translation rate is heterogeneous using experiments performed on
E. coli [Talkad et al., 1976]. Inducer (IPTG), transcription inhibitor (ri-
fampicin) and translation initiation inhibitor (kasugamycin) were alter-
nately added to actively translating E. coli cells. Following the addition
of IPTG, RNA polymerase initiates the synthesis of new lacZ mRNA, but
the total level of activation is kept minimal by the subsequent addition
of rifampicin. β-galactosidase activity increases as a result of the trans-
lation of these new mRNAs. Addition of rifampicin then causes the β-
galactosidase activity to reach a plateau, as the initiation of ribosomes
is also prevented. Importantly, this transition was gradual, not abrupt,
suggesting that some ribosomes took longer than others to complete
translation. However, these experiments are confounded by the pos-
sibility that other steps prior to the translation of the mRNA are also
heterogeneous, including the diffusion of the IPTG, rifampicin, and ka-
sugamycin as well as the transcription by RNA polymerase. By simu-
lating the translation of mRNA before and after the addition of a trans-
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lation initiation inhibitor, we can count the accumulation of completed
proteins over time. And, unlike in experiments, we know for sure that
the only source of heterogeneity in the simulation is the probability of
ribosomes initiating or advancing. Indeed, we observe effects similar to
those previously reported (Fig. 3.9, p. 117). Both the appearance time
of the first completed proteins, and the plateau of the last completed
proteins, are dispersed, and this dispersion is directly attributable to
the heterogeneous translation rates (Fig. 3.10, p. 118).
3.3.5 The translation initiation and
elongation rates determine protein
production rates
For values for the rate of translation initiation and for elongation step
times in physiologically expected ranges, the rate of protein production
can sometimes depend on both how often ribosomes initiate translation
and the time required to complete a protein. In general, the translation
initiation rate is thought to dominate [Andersson and Kurland, 1990],
however relatively slow elongation rates which promote queue forma-
tion might also have an effect. To investigate the effects of ribosome
collisions on protein production we varied the translation initiation or
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Figure 3.9: Stochastic translation leads to detectable differences
in ribosome speeds. Simulations were performed by generating a
fixed number of mRNAs and then inhibiting translation initiation at 120
s (blue line). If every ribosome were to have the same translation rate,
then the two transitions, at 81 and 202 s, would be identical across all
mRNAs (shaded areas). However, these transitions are more gradual, as
expected if some ribosomes are faster or slower than average. Similar
results have previously been observed [Talkad et al., 1976].
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Figure 3.10: Simulated protein completion times are heteroge-
neous. The time elapsed between the appearance and subsequent re-
moval of a ribosome from the mRNA was recorded for all ribosomes. Al-
though the intrinsic translation parameters are equal for all ribosomes,
and all codons, variability in the pseudorandom number generator leads
to a distribution of completion times consistent with truly random and
independent probabilities.
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elongation rates (the termination rate was not considered). We then sim-
ulated translation of a fixed number of mRNAs with the same starting
time and recorded the production of protein over time. This is similar
to an in vitro translation experiment to which a large quantity of mRNA
is added at once (e.g. [Yu et al., 2015]).
The resulting functions have two characteristic parameters: the slope,
which depends primarily on the translation initiation rate, and the inter-
cept, which depends on the elongation rate. As expected, for the same
sets of parameters used previously we find that the appearance times
are the same, with faster translation leading to shorter times (Fig. 3.11,
p. 120). Since the initiation rates are the same, the slopes of the lines
are also the same, indicating that the production rates are unaffected
by the elongation rate. Interestingly, these lines actually are slightly
curved immediately following the appearance of the first proteins. In
our simulations this curvature is due to ribosomes which translated
faster than average (as discussed previously). Experimental data with
similar features have been previously published, indicating that this ef-
fect might be real [Dalbow and Bremer, 1975].
The translation elongation rate clearly affects the appearance time
of new protein. Conversely, it might be expected that the initiation rate
will not affect the appearance time, but only the net synthesis rate of the
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Figure 3.11: Protein synthesis rates are not affected by the trans-
lation elongation rate when initiation predominates. The kinetics
of protein production were simulated as before, except that a constant
number of mRNAs was generated at time zero. After the appearance
of the first complete proteins, the protein production rate is nearly lin-
ear and not strongly affected by the elongation rate. The appearance
function is curved before becoming linear. This initial curvature repre-
sents the appearance of ribosomes which were translating faster than
the average. Four simulations are presented, along with the expected
appearance times (vertical bars). Similar data have been previously de-
scribed [Dalbow and Young, 1975].
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protein [Andersson and Kurland, 1990]. To evaluate the importance of
translation initiation rates we compared appearance simulations with
different initiation rates but the same elongation rate. We clearly ob-
serve that the resulting slopes are affected by the initiation frequency,
but that the appearance times are nearly indistinguishable (Fig. 3.12, p.
122). When combining this behavior with the effect of the translation
elongation rate, we find that simultaneously changing the translation
initiation and elongation rates can lead to complex behavior. Changing
the elongation rate can create an apparent effect on the protein produc-
tion rate, as the amount of protein produced over time passes through a
“crossover” point. (Fig. 3.13, p. 123). This sort of behavior has possibly
been misinterpreted in the literature [Yu et al., 2015].
3.3.6 A negative feedback loop between
translation initiation and elongation
limits ribosome collisions
Increasing the translation initiation rate leads to a corresponding in-
crease in the protein production rate, yet the production rate reaches
a maximum value. To better understand this effect we compared the
observed initiation rates, calculated as the actual probability of an initi-
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Figure 3.12: Translation initiation rates affect protein produc-
tion rates. Several different initiation rates were sampled for mRNA
translated at a constant 12.5 a.a. s-1. When initiation is relatively infre-
quent then this rate affects the appearance of protein over time (yellow,
blue, green, purple lines). However, when the initiation rate is limited
by the elongation rate then increasing the initiation frequency has a
negligible effect (black, red and grey lines).
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Init., elong. rates (s-1):
0.03, 15.0
0.33, 10.0
Figure 3.13: Protein production rates depend on both transla-
tion initiation and elongation rates. The protein production rates in
two separate simulations, with different translation initiation and elon-
gation rates, are compared. At first, fast translation elongation has a
greater effect than fast initiation on protein production rates. However,
the net amount of protein produced by slower, but more frequent, ribo-
somes eventually outpaces the translation by fast, infrequent ribosomes.
Changing these two parameters can lead to a “crossover” point, the time
at which the total amount of protein synthesized is equal. These two pa-
rameters could be modulated to produce different regimes of protein
synthesis rates.
123
CHAPTER 3. AN INTEGRATED STUDY
ation event taking place, with the expected rates as set in the simulation.
We find that the observed initiation rate is less than the potential rate
for all rates greater than 0.08 s-1 (Fig. 3.14, p. 125). This deviation
is due to occlusion of the start codon by ribosomes which have not yet
advanced enough. By taking into account the combined time for both
binding and clearing the start codon, we find that the observed initia-
tion frequences more closely match the theoretical values (Fig. 3.15, p.
126). Yet, once initiation surpasses a rates of ∼0.66 s-1, the observed
initiation rate still reaches a plateau much sooner than predicted. Di-
rect occlusion of the start codon by a ribosome is insufficient to explain
the observed reduction in the observed initiation rate.
To better understand this effect, we simulated the “observed” elonga-
tion rates after changing the “expected” initiation rates bymodifying the
probability of loading a ribosome onto the start codon. The translation
elongation rates are clearly affected by the initiation rates (Fig. 3.16, p.
128). An initiation rate of 0.04 s-1 yields the expected translation rate
of 12.5 s-1, while all other elongation rates decrease. This relationship
plateaus at just over 10 a.a. s-1, and the decrease is more pronounced at
the beginning of the mRNA (Fig. 3.17, p. 129). Since higher initiation
rates are able to more densely populate an mRNA with ribosomes, the
translation rates decrease because of more frequent collisions between
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Expected initiation rate (s-1)
Simulation
No occlusion
Figure 3.14: Occlusion of the start codon can prevent translation
initiation. Different initiation rates were simulated 100 times each, and
the observed rates were compared to the expected simulation parame-
ters. Any decrease in the observed initiation rate is due to occlusion
of the start codon by a ribosome which has not yet advanced enough.
This occlusion is increasingly likely as initiation events become more
frequent. Increasing the initiation rate parameter causes the observed
rate to become progressively lower than the expected rate.
125


























Expected initiation rate (s-1)
Simulation
No collisions
Figure 3.15: Ribosome collisions downstream of the start codon
can cause occlusion of the start codon at very high initiation
rates. For 100 mRNAs simulated with an average translation rate of
12.5 a.a. s-1, the expected maximal protein production rate would be
125 s-1, when initiation is instantaneous and ribosomes do not collide.
In fact, the maximal production rate is much lower due to the forma-
tion of a queue throughout the mRNA, which ultimately blocks the start
codon.
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ribosomes. The increase in collisions in turn slows down translation
near the start codon, which reduces the initiation rate. This behavior
explains how our predicted protein production rates deviated from the
simulation: a negative feedback loop between ribosomes blocking initi-
ation and ribosomes colliding reduces both the initiation and elongation
rates. Given a potential 12.5 a.a. s-1 elongation rate, this relationship
results in a maximum observed initiation rate of roughly 0.75 s-1.
We have shown how, in principle, ribosome queue formation can have
a strong effect on protein production and on the average rate of ri-
bosome movement. In general, we observe that the presence of slow
codons can seed the formation of a ribosome queue, and have argued
that ribosome profiling is well-suited to detect these types of ribosome
pauses. In fact, it is often stated that ribosome profiles can be directly
interpreted to directly test the correspondence between codon identity
and the translation rate. Counter-intuitively, queue formation might ac-
tually explain a divergence between this relationship. If a small patch
of slow codons causes a queue to form, then the ribosome density will
increase at the upstream codons, regardless of whether those upstream
codons are intrinsically fast or slow. Thus queuing effects might give
rise to situations where both slow and fast codons have high ribosome
occupancy. To test for the conditions under which fast codons can ac-
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No collisions
Figure 3.16: Average translation elongation rates decrease on
densely packed mRNA. The average elongation rate over the mRNAs
was computed by recording the average fraction of successful ribo-
some advances across the mRNA. As the translation initiation rate in-
creases, and the spacing between ribosomes drops, the ribosomes are
more likely to form queues. Therefore the translation elongation rates
decrease. However, this effect is counter-balanced by blocking of the
start codon, which in turn limits the maximum initiation rate. Here, the
observed elongation rate of 12.5 a.a. s-1 drops to nearly 10 a.a. s-1 at
very high initiation rates.
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Figure 3.17: Average translation elongation rate decreases are
more pronounced near the start codon. Shown are the first 600 ob-
served translation rates for each codon, averaged across all ribosomes.
All simulations had the same expected translation rate of 12.5 a.a. s-1
at each codon (dashed line), but the observed rates are always less.
As the initiation rate increases, collisions between ribosomes are more
frequent, causing translation to slow down. When the initiation rate is
sufficiently high, these collisions disproportionately affect the codons
immediately after downstream of the start codon. This slowdown ulti-
mately sets a lower limit for the observed initiation rate.
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cumulate high ribosome density, we simulated the translation of a short
mRNA, 100 codons long, with alternating fast (15 s-1) and slow (10 s-1)
codons. Next, we modulated the average ribosome density, and thus the
probability for ribosomes to form a queue by varying the rate of transla-
tion initiation. As expected, under low initiation conditions we observe
that ribosome occupancy of slow codons is higher than of fast codons
(Fig. 3.18, p. 131). However, as the initiation reach reaches 1.33 s-1,
the ribosome occupancy of the upstream codons begins to increase, and
when the initiation rate is 2.33 s-1 these fast codons actually have higher
ribosome occupancy than the slow ones. It is therefore not necessarily
the case that slow codons will always have higher ribosome occupancy
than fast codons.
3.4 Discussion
Deciphering the individual contributions of codons to the translation
rate along the mRNA is difficult. Ribosome profiling experiments pro-
vide nucleotide-resolution information on the relative ribosome densi-
ties, however interpreting these data in terms of translation rates has
not yet been accomplished for several reasons. First, the density in-
formation does not directly report on translation rates, but rather the
130






















Figure 3.18: Ribosome queuing can increase ribosome occu-
pancy of fast codons. An mRNA 100 codons long and containing alter-
nating fast (15 s-1, position 2-33), slow (10 s-1, position 34-66) and fast
(15 s-1, position 67-100) codons was simulated for 240 sec. The sim-
ulation was performed 1,000 times, and the final ribosome occupancy
of these 1,000 mRNAs was summed, yielding the total number of ribo-
somes occupying each codon. To determine the effects of the translation
initiation rate, the simulation was performed with rates varying from
0.08625 s-1 to 2.66 s-1. Ribosome occupancy of fast codons upstream of
slow codons is observed to increase commensurately with the transla-
tion initiation rate.
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relative probability for a ribosome to be located at a particular codon.
Although it is the case that some codons are translated more rapidly
than others, any ribosome queuing can produce the accumulation of
ribosomes at any codons upstream of a pause site regardless of their
intrinsic translation rates. Fast codons might sometimes have higher ri-
bosome densities than slow codons. Predicting queue formation in turn
requires knowing the translation initiation rate, which is unknown for
most open reading frames. The theory of queue formation has been
extensively studied, and understanding the propagation of ribosome
queues whose formation depends on the local translation rates of hun-
dreds or thousands of individual codons would not be trivial.
Second, it is known that high-throughput sequencing experiments
have sequence-dependent biases which unevenly perturb the sequenc-
ing read number of different sequences (discussed in Ch. 2.4.2, p. 86).
These biases are self-correcting either when comparing identical se-
quences, in which these biases are the same, or large sequence regions
where the biases could average out. As a result, mRNA-Seq has been
very good at comparing gene expression changes between conditions,
as the sequences of the mRNAs in questions are the same and the se-
quencing depth is spread out over entire mRNAs. Similarly, using ribo-
some profiling to compare ribosome allocation to transcripts has also
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been very effective ( [Li et al., 2014], and e.g. Ch. 4.3.4, p. 176). How-
ever, quantifying the ribosome densities across an mRNA does not ben-
efit from either of these self-correcting properties. As a result, the most
convincing demonstrations using ribosome profiling that some codon
types have higher occupancy than others have relied on calculating av-
erages across many mRNAs.
We looked for a relationship between ribosome pauses, as measured
using ribosome profiling, and the translation elongation rate by specifi-
cally studying E. coli lacZ, a well-characterized mRNA. In particular,
the lacZ translation initiation and elongation rates have already been
determined [Kennell and Riezman, 1977,Sørensen et al., 1989], and we
have already collected ribosome profiling data from cells expressing the
mRNA (Ch. 4, p. 136 and Ch. 5).
Clearly, some combinations of translation initiation and elongation
rates promote ribosome collisions, slowing down translation. Our sim-
ulations predict that small amounts of ribosome queuing are possible
on a lacZ mRNA is possible given fixed initiation and elongation rates.
With these parameters, the mRNA is in a regime which balances the al-
location of ribosomes to the mRNA with a limited number of collisions.
In general, queue formation requires much higher initiation rates than
have been observed, which might indicate that the initiation and elon-
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gation rates have been coordinately optimized to balance efficient ribo-
some allocation against inefficient translation elongation. In fact, it has
been suggested that slow codons at the beginnings of genes, combined
with mRNA instability, can help reduce the formation of queues and pro-
mote efficient translation [Mitarai et al., 2008]. Since queuing appears
to be limited for the lacZmRNA, queue formation might not be sufficient
to explain the large variations in ribosome density which we have mea-
sured using ribosome profiling. However, if some regions of the mRNA
are translated more slowly, then even short stretches of “slow” mRNA
might be enough to seed the local formation of ribosome queues. Yet
previous experiments, in which inserts into the lacZ mRNA altered the
translation rate of the protein, were not shown to promote ribosome
queue formation, except for a single extremely slow insert [Sørensen
and Pedersen, 1991]. Our ribosome profiling data might indicate the
existence of such localized queues.
Interestingly, simulating the pulse-chase experiment suggests that
the lacZ mRNA translation rate increases. Although the cause of this
rate change is unknown, we have found that very slow translation at
the beginning of an mRNA could regulate the initiation of ribosomes by
occluding access to the mRNA. Using this information, we simulated the
ribosome density along the lacZ mRNA. As expected, the transition be-
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tween two translation rates produces a single drop in ribosome density
at the position where the rate changes. Since the shape of the simu-
lated density is less complex than our experimental data, the lacZmRNA
translation rate might be more variable than previously known. How-
ever, there is a clear discrepancy between the measured average trans-
lation rate and ribosome profiling along the lacZmRNA, though the rea-
son for this discrepancy is not known. It may be that current ribosome
profiling protocols do not adequately capture the relative probabilities
of ribosome pausing, or that simple collision models of ribosomes pro-
grammed with fixed translation rates are too simplistic. Ribosome pro-
filing studies of mRNAs which are regulated by poor ribosome binding
sites may prove to be particularly informative, as these mRNAs would be
expected to have fewer ribosomes simultaneously occupying the mRNA,




density on translating mRNA
During translation multiple ribosomes sequentially engage an mRNA
to form a polysome. Efficient translation requires rapid progression
of ribosomes beyond the start codon and results in tighter ribosome
packing. In bacteria, this process is regulated by ribosome binding up-
stream from the start codon and the translation of the first codons. Fast
translation is facilitated by codons recognized by abundant tRNA rec-
ognized by Watson-Crick (WC) base-pairing. Although ribosome pauses
at slow codons can affect protein production, the phenomenon remains
poorly understood because translation rate measurements are notori-
ously difficult. Here we show, using ribosome profiling, that synony-
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mous changes to an mRNA can predictably modulate both the trans-
lation of early codons after translation initiation, determining protein
synthesis levels, and average translation rates, re-distributing ribosome
density on a synonymously re-coded mRNA. We also find that the 15
codons immediately downstream of the start codon regulate Luc trans-
lation. The combination of low translation levels and slow translation
elongation lead to increased abortive translation. These results demon-
strate that synonymous codons can sometimes determine translation
rates, affecting polysome spacing, and also influence protein produc-
tion.
4.1 Introduction
There are 61 sense codons in the genetic code, conserved from bac-
teria to humans, yet no organism codes the full complement of tRNA
anti-codons [Ninio, 1971,Chan and Lowe, 2009]. Codons lacking a tRNA
whose anti-codon is perfectly complementary are recognized via wob-
ble [Crick, 1966]. Transcriptomes contain both types of codons, and
wobble translation is ubiquitous. When the genetic code was deduced, it
was realized that some amino acids have many (up to six) codons, while
others have just one [Khorana, 1968]. Much as two words which share
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the same meaning are synonyms, these codons encode the same amino
acid and were originally termed synonymous. This analogy implies that
synonymous codons are functionally identical, however, several features
differentiating synonymous codons have since been discovered, for ex-
ample: providing binding sites [Thurman et al., 2012,Stergachis et al.,
2013], facilitatingmRNA secondary structure [Mita et al., 1988], regula-
tion of gene expression [Sharp and Li, 1987], and modulation of transla-
tion rates [Sørensen and Pedersen, 1991]. These functions can overlap,
with each contributing to the sequence composition of genes. Distin-
guishing between the different roles for synonymous codons has there-
fore been challenging.
The wild-type E. coli translation rate typically ranges from 10 to 20
a.a. sec-1 (Ch. 1.5, p. 24). This rate is reduced by proofreading [Ninio,
2006] and by wobble recognition [Sørensen and Pedersen, 1991]. It has
also been suggested that greater tRNA abundance promotes optimal
translation [Ikemura, 1981b]. Experiments in E. coli provided evidence
that synonymous changes to the mRNA of Firefly Luciferase (Luc), a re-
porter gene, could predictably shift translation rates from intermediate
to fast [Spencer et al., 2012]. These changes were facilitated via a two-
part strategy using abundant tRNA andWC recognition. To address how
synonymous codons affect translation we have analyzed the ribosome
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densities of synonymously re-coded Luc mRNA (Fig. 4.3, p. 160) using
ribosome profiling [Ingolia et al., 2009], a high-throughput sequencing
method which measures the relative abundance of ribosome-protected
mRNA fragments. In theory, ribosome profiling is suited to address this
question because ribosome density is inversely proportional to the ribo-
somal transit time. We find that ribosome densities on the mRNA can
be rationally modulated over long sequence stretches by introducing
synonymous changes, although the correspondence between ribosome
densities and translation efficiency is often poor over shorter sequence
stretches.
4.2 Methods
4.2.1 Re-coding Luciferase mRNA using
the translation index
Two principal factors have been suggested to cause differential trans-
lation rates of synonymous codons: the type of tRNA:mRNA recognition
(WC vs wobble), and the cellular tRNA levels. The kinetics of trans-
lation are important for the accuracy of protein synthesis [Ehrenberg
et al., 1986], which depends on the discrimination of different tRNAs
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and anti-codons. Although our understanding of the kinetic impairment
caused by wobble recognition is incomplete, it was demonstrated that
the WC and wobble codon pair encoding Glu have a threefold different
translation rate [Sørensen and Pedersen, 1991]. The role of cellular
tRNA levels is more controversial, and both relative and absolute con-
centrationsmay be important. The relative levels may regulate the prob-
ability of finding a matching tRNA amidst all other possible tRNAs in the
cell [Varenne et al., 1984], while high absolute tRNA levels may be nec-
essary in order to saturate the ribosomes at high growth rates [Ehren-
berg and Kurland, 1984]. Based on experimental measurements, it has
been suggested that the gene copy number is a good proxy for cellular
levels in many organisms [Ikemura, 1981b, Ikemura, 1981a, Ikemura,
1982,Ikemura and Ozeki, 1983,Ikemura, 1985,Dong et al., 1996]. How-
ever, there are many caveats which must be kept in mind when using
tRNA gene copy numbers to estimate tRNA levels in the cell for the
purpose of inferring translation rates. First, not all tRNAs are aminoa-
cylated at all times, and the fraction of charged tRNA can decrease un-
der conditions of amino acid starvation to varying degrees. Thus some
abundant tRNAs might have lower populations of active molecules than
others. Second, chromosomal gene copy number is a crude means of
estimating expression level, as it is known that gene expression is com-
140
CHAPTER 4. RIBOSOME DENSITY ON TRANSLATING MRNA
plex, depends on proximity to the origin of replication, and can be mod-
ulated in response to external conditions. Thus a low copy number gene
could be highly transcribed, and vice-versa.
Starting from these two concepts, WC or wobble recognition and high
or low tRNA concentration, many attempts have been made to rank
codons based on their relative translation rates (see Ch. 1.2, p. 7).
Since very few absolute codon-specific translation rates are known, it
has been a challenge to predict to what extent the translation rates of
different mRNA sequences diverge. In general, these rankings serve to
develop a general expectation for which codons within a set of synony-
mous codons are, on average, translated more rapidly. These unitless
scales cannot be readily converted into mean translation rates in codons
translated per second, nor should they be considered as true translation
rate predictors. Nevertheless, they serve as a good starting point from
which different mRNA sequences can be compared or created de-novo,
helping to develop a hypothesis for whether or not the translation rate
will be affected by the mRNA sequence.
A translation index was previously developed to rank synonymous
codons according to WC/wobble and tRNA gene copy number param-
eters [Spencer et al., 2012] (Table 4.1, p. 145). In brief, codons rec-
ognized by tRNAs with high copy number genes in the genome are
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given higher weights than synonymous codons recognized by tRNAs
with lower gene copy numbers. In addition, two synonymous codons
recognized by the exact same tRNAs might have different weights, de-
pending on whether recognition is WC or wobble; wobble recognition
reduces the index for a codon by one third. This factor is derived from
the observation that the translation of synonymous Glu codons in E. coli,
which share the same tRNAs, were determined to differ by a factor of
3 [Sørensen and Pedersen, 1991]. Therefore, this index ranks codons
using a combination of tRNA gene copy number, reflecting the delay
for the diffusion of tRNA to the ribosome, and the type of recognition,
reflecting delays which occur once a tRNA is being recognized. The in-
dex thus predicts which synonymous codons have a relatively higher or
lower translation efficiency.
Luc mRNA variants were previously designed using this translation
index, yielding a Fast Luc, exclusively composed of high-scoring codons,
a Slow Luc, exclusively composed of low-scoring codons, and a Luc
WTE. coli which was re-coded so as to match the predicted WT firefly
mRNA’s translation efficiency. The unmodified wild-type mRNA (Luc
WTFirefly) was also analyzed. Translation indices were compared by look-
ing up each value at the corresponding position within the Luc coding
sequence. These values were then processed using window averaging
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(window size of 31 codons). These alleles all end with a peroxisome-
inactivation sequence, a linker, a c-myc tag and a His6 tag, which were
not re-coded.
Table 4.1: Translation index
Amino acid Codon WC Anticodon Translation index
Ala GCU AGC 0.133
Ala GCC GGC 0.400
Ala GCA UGC 0.600
Ala GCG CGC 0.200
Gly GGU ACC 0.222
Gly GGC GCC 0.667
Gly GGA UCC 0.167
Gly GGG CCC 0.222
Pro CCU AGG 0.111
Pro CCC GGG 0.333
Pro CCA UGG 0.333
Pro CCG CGG 0.444
Thr ACU AGU 0.133
Thr ACC GGU 0.400
Thr ACA UGU 0.200
Thr ACG CGU 0.467
Val GUU AAC 0.095
Val GUC GAC 0.286
Val GUA UAC 0.714
Val GUG CAC 0.238
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Ser UCU AGA 0.133
Ser UCC GGA 0.400
Ser UCA UGA 0.200
Ser UCG CGA 0.267
Ser AGU ACU 0.067
Ser AGC GCU 0.200
Arg CGU ACG 0.190
Arg CGC GCG 0.571
Arg CGA UCG 0.190
Arg CGG CCG 0.143
Arg AGA UCU 0.143
Arg AGG CCU 0.190
Leu CUU AAG 0.042
Leu CUC GAG 0.125
Leu CUA UAG 0.125
Leu CUG CAG 0.524
Leu UUA UAA 0.125
Leu UUG CAA 0.167
Phe UUU AAA 0.333
Phe UUC GAA 1.000
Asn AAU AUU 0.333
Asn AAC GUU 1.000
Lys AAA UUU 1.000
Lys AAG CUU 0.333
Asp GAU AUC 0.333
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Asp GAC GUC 1.000
Glu GAA UUC 1.000
Glu GAG CUC 0.333
His CAU AUG 0.333
His CAC GUG 1.000
Gln CAA UUG 0.500
Gln CAG CUG 0.667
Ile AUU AAU 0.333
Ile AUC GAU 1.000
Ile AUA UAU 0.167
Met AUG CAU 0.500
Tyr UAU AUA 0.333
Tyr UAC GUA 1.000
Cys UGU ACA 0.333
Cys UGC GCA 1.000
Trp UGG CCA 1.000
Codons are highlighted according to the fast and slow coding strategies.
“Fast” codons are indicated in green, while “slow” codons are indicated
in orange.
4.2.2 Low-copy Luc vectors
To express Luc with high, robust levels of transcription, while simul-
taneously keeping total protein expression levels low enough to avoid
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overexpression artifacts, Luc alleles were cloned into the low-copy num-
ber pACYC177 [Chang and Cohen, 1978] plasmid downstream of the Plac
promoter and ribosome binding site (Figure 4.1, p. 147). PCR products
were derived from vectors bearing synonymously re-coded Luc genes,
which were previously generated [Spencer et al., 2012], and from the
E. coli MG1655 chromosome; these were combined using the Gibson
assembly method [Gibson et al., 2009] (Table 4.3, p. 149). The Luc
gene, including the transcriptional terminators from the pBAD vectors,
was inserted on the strand opposite the one encoding the two antibiotic
resistance genes to prevent transcriptional read-through. PCR prod-
ucts were prepared using the oligonucleotides listed in Table 4.2 (p.
148). Vector pACYC177 was digested with restriction enzyme BamHI-
HF (New England Biolabs cat. no. R3136S), and the assemblies were
performed as instructed by the kit (NewEngland Biolabs cat. no. E2611).
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Figure 4.1: Low copy Luc plasmid construction. The Luc CDS (cod-
ing sequence) was cloned downstream of the E. coli lac operon promoter
and ribosome binding site on the opposite strand from two antibiotic re-
sistance genes, providing resistance to ampicillin and kanamycin.
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Table 4.3: Gibson assemblies
Insert 1 Insert 2 Insert 3 Vector Product
2 5 - pACYC177 pACYC177/LucS
1 3 - pACYC177 pACYC177/LucF
1 4 - pACYC177 pACYC177/LucWTFirefly
1 6 - pACYC177 pACYC177/LucWTE. coli
9 11 - pACYC177 pACYC177/LucFS
7 8 10 pACYC177 pACYC177/LucSF
12 15 - pACYC177 pACYC177/LucFinS
13 14 - pACYC177 pACYC177/LucSinF
4.2.3 PCR
Amplification of DNA by PCR was performed using Q5 (New Eng-
land Biolabs cat. no. M0491) or Phusion (New England Biolabs cat.
no. E0553) polymerase (200 μM dNTP, 10 μM forward primer, 10 μM
reverse primer, 1-50 ng DNA, 0.02 U/μl enzyme) in 50 μl reactions as di-
rected by Table 4.4 (p. 150), using a Veriti 96-well thermocycler (Applied
Biosystems). E. coliMG1655 chromosomal DNAwas prepared using the
GeneJet Genomic DNA Purification Kit (ThermoFisher cat. no. K0721).
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4.2.4 Frameshift insertion
To insert two point mutations within the coding region of the Luc F
gene attempts were made using conventional PCR-based “QuikChange”
methods. However, the re-coded gene’s low sequence complexity, due
to extreme re-use of the same codons, prevented the successful ampli-
fication of the desired PCR products. Therefore an alternative strategy
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TAGACGAAGTACCGAAAGGCCTGACCGGCAAACTGGACGCACTAAAATCCGTGAAATCCTGAT
CAAAGCAAAAAAAGGCGGCAAATCCAAACTGATCGAAGGCCGCGGATCTGGTACTAGTGGCGG
GTC-3′) was ordered from IDT DNA, digested with restriction enzymes
PmlI (New England Biolabs cat. no. R0532S) and SpeI (New England
Biolabs cat. no. R3133S) for 1 h at 37°C in NEB CutSmart Buffer, and
ligated into digested pACYC177/LucF with T4 DNA ligase (New England
Biolabs cat. no. M0202L) overnight at 15°C. Ligation products were
transformed into E. coli NEB 5α cells (cat. no. C2987) via heat shock,
and colonies were screened on ampicillin (100 μg/ml) and kanamycin
(50 μg/ml) LB (Luria-Bertani) plates. After confirmation by sequencing,
plasmid was transformed into the sequenced E. coli K-12 MG1655 labo-
ratory strain (Yale CGSC # 6300; F-, λ-, rph-1). The sequence alignment
shows little similarity between the in-frame and out-of-frame sequences
(Fig. 4.2, p. 153).
4.2.5 Ribosome profiling
MOPS minimal medium [Neidhardt et al., 1974] plates (0.6% glyc-
erol, 0.2% casamino acids, 100 μg/ml ampicillin) were streaked with
E. coli MG1655 cells bearing one of the pACYC177-derived plasmids.
Glycerol and casamino acids, rather than glucose, were added to min-
imize catabolite repression while avoiding amino acid starvation. 2.5
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Figure 4.2: Out-of-frame residues are dissimilar compared to
in-frame residues. A Needleman-Wunsch alignment [Needleman and
Wunsch, 1970] of the Luc F and Luc FFr amino acid sequences shows
little similarity. (top: WT Luciferase and c-terminal tag; bottom: with
frameshift insertion). Identical residues are highlighted in blue.
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ml of MOPS medium, with 1 mM IPTG, were inoculated from a plate
and grown overnight, shaking at 37°C. 200 ml of the same medium, in
pre-warmed 2 L flasks, were then inoculated by diluting the overnight
cultures more than one thousandfold and set to shake at 37°C in an In-
nova 40 incubator shaker (New Brunswick Scientific) at 200 RPM (cell
doubling time = 50 min). Once the cultures reached an OD600 of 0.40 -
0.65 (measured using a Shimadzu UV-1800 spectrophotometer; 1 OD600
= 6 · 108 cells
mL
; saturated cultures can surpass an OD600 of 5.0) they were
filtered through a pre-warmed 0.22 μm nitrocellulose filter paper and
90 mm glass filtration system (Kontes) with vacuum (Whatman cat. no.
7182-009); the filtration took about 1 min. The apparatus was rapidly
disassembled, and the cells were immediately scraped from the filter pa-
per, using a pre-warmed scoopula, and submerged into a 50 ml Falcon
tube (Corning cat. no. 352070) filled with liquid nitrogen (LN2). The
cells were then transferred to a mortar immersed in, and containing,
LN2, and 600 μl of cell lysis buffer (10 mM MgCl2, 100 mM NH4Cl, 20
mM Tris-HCl pH 8.0, 0.1% Nonidet P40, 0.4% Triton X-100, 500 μg/ml
chloramphenicol) were dripped in. The cells were pulverized with the
chilled mortar and pestle, whereupon the LN2 was allowed to boil off.
The remaining powder was scraped with a chilled spatula into a chilled
1.5 ml Eppendorf tube and stored at -80°C overnight.
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Cell lysates were centrifuged 15 min at 14,000 RPM and 4°C, and
the clarified supernatant was transferred to a 1.5 ml Eppendorf tube.
Between 250 μl and 500 μl of supernatant were then treated with 2.0 μl
of micrococcal nuclease (Life Technologies cat. no. EN0181) and 5 mM
CaCl2 and incubated 1 h while gently rotating at room temperature. The
reactions were quenched using 6 mM EGTA and then transferred to 3.5
ml thickwall polycarbonate ultracentrifuge tubes (Beckman Coulter cat.
no. 349622). The samples were underlaid with 2.0ml of 1M sucrose and
centrifuged 6.5 h on a Beckman XL-80K ultracentrifuge at 55,000 RPM
and 4°C in a SW55 rotor. Following removal of the liquid, the invisible
pellets were re-suspended with 700 μl of Qiazol reagent, and RNA was
extracted as directed by the miRNEasy kit (Qiagen cat. no. 217004).
Samples were denatured at 70°C and then subjected to electrophore-
sis on a 15% polyacrylamide TBE-urea gel 65 min at 200 V. The gel was
then stained using SYBR gold and imaged with a blue light transillumi-
nator. Gel slices were taken from the regions corresponding to lengths
between 20 to 45 nt, as indicated by 10 bp ladder (Invitrogen cat. no.
10821015) and RNA size markers (5′-AUGUACACGGAGUCGAGCUCAACCCGCAAC
GCGA-(Phos)-3′ and 5′-AUGUACACGGAGUCGACCCAACGCGA-(Phos)-3′). The sam-
ples were then prepared as directed in Ingolia et al. [Ingolia et al., 2012],
with modifications: ProtoScript II reverse transcriptase (New England
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Biolabs cat no. M0368) was used for reverse transcription, and differ-
ent biotinylated oligonucleotides were used for the removal of E. coli
rRNA sequences [Li et al., 2014]. The library was sequenced on an Il-
lumina HiSeq 2500 by the JHU Genetic Resources Core Facility. Each
experiment was performed in duplicate or triplicate.
4.2.6 Sequencing data analysis
FASTQ files were processed in a number of steps, leading to the
assignment of integer counts of footprints per gene. First, the reads
were trimmed by removing the adapter sequence, using fastx_clipper
0.0.13.2. Next, rRNA and tRNA sequences were filtered using Bowtie2
2.2.9 [Langmead and Salzberg, 2012]. The remaining readsweremapped
to the E. coli MG1655 genome (NC_00913.3) and the appropriate pA-
CYC177 vector sequence using Bowtie2, followed by a procedure, writ-
ten in Perl, which corrects sequencing errors andmerges identical reads
[Martens et al., 2015]. Using the list of proteins and their corresponding
genomic map points from PTT files, each gene was scanned for mapped
reads and the totals were recorded to a new file. Reads mapped to tufA
and tufB were merged, and an additional scan was performed to assign
reads to ssrA. Differential gene expression analysis was performed us-
ing DeSeq2 1.12.3 and R 3.3.1 [Love et al., 2014].
156
CHAPTER 4. RIBOSOME DENSITY ON TRANSLATING MRNA












Densities along the re-coded Luc mRNA were compared as follows.
Position-specific footprint densities were assigned from normalized 30-
nucleotide, 3′-aligned data, followed by base mean calculations from the
replicates (Table 4.5, p. 157) using DeSeq2, and then window averaging
(window size 151 nt) (Fig. 4.6, p. 166).
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4.2.7 Spearman correlations
Spearman correlations between the ribosome profiles of the Luc F
and Luc FfrmRNAswere calculated using the cor.test “spearman”method,
with a confidence level of 0.95, in R v. 3.3.3.
4.3 Results
4.3.1 Synonymous codons control ribosome
density
To test whether fast translation is associated with low ribosome den-
sity, and slow translation with high ribosome density, a fast (Luc F) ver-
sion of the Luciferase mRNA was designed using codons recognized by
high copy number tRNA with maximal WC base-pairing. Likewise, a
slow (Luc S) version was designed using low copy number tRNA and
maximal wobble. The position-specific translation indices for Luc F and
Luc S reveal significant differences between the fast and slow mRNAs
(Fig. 4.3, p. 160). For comparison, the sequence was also modified
to natively encode the wild-type translation parameters from the firefly
into E. coli (Luc WT) (Fig. 4.3). To generate an expectation for the ri-
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bosome density following these changes, we simulated the translation
of mRNAs containing different combinations of fast and slow codons us-
ing a stochastic simulator with collisions (Ch. 3; Fig. 4.5, p. 164). We
find that transitions between translation rate regimes will cause much
greater changes in the ribosome densities than translation at a constant
rate.
If codon composition influences the mRNA translation rate, it might
be expected that queues would either be formed or released at the in-
terfaces of regions of fast and slow (Fig. 4.4, p. 161). Regions coded for
fast translation followed by slow translation should produce a charac-
teristic pattern consisting of low density at the 5’ end followed by high
density at the 3’ end (Fig. 4.4). This situation would be tantamount
to creating an internal bottleneck. Conversely, a region coded for slow
translation, followed by a region of fast translation, should result in high
ribosome density at the 5’ end and low density at the 3’ end of the mRNA
(Fig. 4.4), a situation representing the release of a bottleneck.
Our data show that re-coded Luc sequences produce distinct ribo-
some density patterns. The Luc F and Luc WT profiles along the mRNA
are approximately uniform (Fig. 4.6, p. 166), consistent with more or
less constant translation rates across the mRNA, with the exception of
the 3′ end of Luc F, which shows higher densities. In contrast, the Luc S
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Figure 4.3: Synonymously re-coded Luc mRNA expressed in E.
coli are predicted to have different translation rates. As expected,
the translation index predicts that translation rates can be tuned within
a threefold range by substituting synonymous codons with WC or wob-
ble recognition.
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a. Initiation > Elongation
b. Initiation < Elongation
c. Internal bottleneck
d. Bottleneck alleviated
Figure 4.4: Polysome spacing is determined by the translation
initiation and elongation rates. A polysome queue transitioning be-
tween fast (grey) and slow (red) translation induces changes in the local
ribosome spacing. a. Ribosomes (blue circles) are more dense when the
translation of the first codons promotes frequent initiation by new ribo-
somes. b. Ribosomes are less dense when initiate is less frequent. c.
The transition from fast translation to slow translation produces an in-
crease in ribosome density and a decrease in spacing. d. The transition
from slow to fast translation results in decreased ribosome density.
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allele shows comparatively low density near the start codon (Fig. 4.6).
Both of these 5′ and 3′ density changes suggest that codon composi-
tion may regulate translation at the beginning and the end of the cod-
ing sequence (CDS), affecting translation initiation and termination. To
induce the formation of queues the two halves of the Luc F and Luc S
alleles were swapped, producing alleles Luc F/S and Luc S/F. True to ex-
pectations (Fig. 4.6c&e), we observe pronounced density changes. The
fast-slow (Luc F/S) construct produces a bi-phasic pattern which starts
out less dense and sharply transitions to greater density (Fig. 4.6c) and
the slow-fast construct (Luc S/F) transitions from high ribosome density
at the 5’ end to low density at the 3’ end (Fig. 4.6e).
To ascertain the contribution of codon composition to the transla-
tion of the initial codons, which might control translation initiation, two
additional alleles were assembled. The first 15 codons (1.5 ribosome
widths) downstream of the start codon were independently re-coded in
the context of the Luc F and Luc S alleles, producing Luc Fin/S and Luc
Sin/F, respectively (Fig. 4.6d&f). We find that these relatively small per-
mutations produce large effects. Specifically, the 5′ end of Luc Fin/S has
higher ribosome occupancy than Luc S, suggesting that translation initi-
ation occurs more frequently and that the mRNA loads more efficiently.
This result is supported by greater total translation of the Luc mRNA
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(Fig. 4.7, p. 169). Opposite effects are apparent in cells expressing Luc
Sin/F. High initial ribosome density at the 5′ end is followed by extensive
low density (Fig. 4.6f). Translation levels of this mRNA are noticeably
low, consistent with infrequent initiation (Fig. 4.7). Indeed, across all
constructs, a clear pattern emerges whereby alleles that have fast cod-
ing in the first 15 codons downstream of the start codon have more
than twofold the translation levels as the alleles with slow coding in the
first 15 codons downstream of the start codon (Fig. 4.7). These results
suggest that codon composition does affect initiation efficiency, as has
been demonstrated before [Kudla et al., 2009,Pop et al., 2014,Evfratov
et al., 2017], possibly by affecting the accessibility of the start codon to
ribosomes which are not actively translating.
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Figure 4.5: Polysome simulations of synonymously re-coded Luc
mRNA predict large changes in ribosome density following the
transition between translation rate regimes. Ribosome density pro-
files along the mRNA were simulated by changing the translation rates
of different segments of the Luc mRNA, containing either fast codons
(green) or slow codons (orange). The transition from fast to slow codons
is predicted to cause an increase in ribosome density, while the transi-
tion from slow to fast codons causes a decrease. These mRNAs also
encode the same c-terminal sequence with non-optimal codons (blue)
as present in our experimental constructs (see methods).
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Figure 4.6: Synonymously re-coding the LucmRNA re-distributes
ribosome densities. Using a re-coding strategy, the codons were
changed to promote fast (green) or slow (orange) translation. A max-
imally occupied Luc mRNA is long enough to bind 62 ribosomes, as-
suming each ribosome occupies 28 nt and there is no intervening space
between adjacent ribosomes.
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We observe that the first ∼330 nt (∼11 ribosomes) and last ∼200 nt
(∼7 ribosomes) of mRNA consistently yield an increase of ribosome den-
sity, regardless of the codons. The ribosome density (shaded color) fol-
lowing the initial sequence depends on the codon composition. Density
is low when translation is faster (a, c), especially when total ribosome
allocation levels are low (f). Density is high when translation is slower
(b, d, e). The density increases abruptly when transitioning from fast
to slow (c), and drops when transitioning from slow to fast (e). Density
also increases with the wild-type coding strategy (g). The introduction
of a frameshift produces a dramatic ribosome density peak (gray), which
then decays (h).
4.3.2 Low ribosome densities are
associated with abortive translation
E. coli mRNAs are degraded in the cell soon after their synthesis,
with an average half-life of on the order of minutes [Forchhammer et al.,
1972,Blundell et al., 1972,Pedersen et al., 1978,Chen et al., 2015], but
actively translating ribosomes increase mRNA stability by occluding ac-
cess of endonucleases to the mRNA [Morse and Yanofsky, 1969,Iost and
Dreyfus, 1995]. Conversely, patches of naked mRNA are susceptible to
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Figure 4.7: Synonymously re-coding the Luc mRNA affects ribo-
some allocation. The three mRNAs beginning with the slow codons
(orange) have the lowest Luc translation levels. The three alleles be-
ginning with the fast codons (green) have the highest translation levels.
Shown also are the ribosome allocations of β-galactosidase (lacZ) (grey),
which is also induced by IPTG and regulated by the same promoter and
ribosome binding site sequences. Significant differences are found in
the Luc levels, but no difference is seen in the lacZ levels.
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nuclease attack, and ribosomes translating a partially degraded mRNA
become stalled in the absence of a stop codon. Stalled translation on
partially degraded mRNA can be rescued by trans-translation using a
specialized tmRNA (reviewed by [Keiler, 2015]). The tmRNA inserts it-
self inside the ribosome, replaces the mRNA, and allows translation to
resume by directing the addition of a short peptide sequence which en-
codes a C-terminal degradation tag.
Because active tmRNA (ssrA) is located inside the ribosome, ribo-
some profiling also quantifies these rescue events. We find that the ex-
pression of the Luc alleles does not affect the ssrA read number, except
for allele Sin/F, which has double the ssrA abundance, indicating greater
abortive translation in the cell (Fig. 4.8, p. 171). We conclude that the
expression of a Luc mRNA which has low ribosome density stimulates
the ssrA response.
4.3.3 Events other than ribosome pauses
contribute to ribosome profiles
Amajor unresolved question is to what extent each codon, or group of
codons, regulates the ribosome transit time along the mRNA. In princi-
ple, ribosome profiling has the necessary resolution to solve this issue.
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Figure 4.8: Low ribosome density is associated with increased ri-
bosomal allocation to the tmRNA ribosome rescue system (ssrA).
Infrequent translation initiation, combined with rapid translation elon-
gation, leads to low ribosome density on the Luc Sin/F mRNA, possi-
bly exposing the mRNA to nucleases, thereby inducing the formation of
truncated Luc mRNA. Most Luc alleles have no effect on levels of tm-
RNA protected by ribosomes (∼2-3%, grey). Expression of Luc Sin/F and,
surprisingly, Luc FFr induces double the amount of ribosome-protected
tmRNA (red).
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However, ribosome profiling data are complicated by library prepara-
tion and sequencing biases [Artieri and Fraser, 2014a,Martens et al.,
2015]. To evaluate these distortions we generated a new Luc variant,
Luc FFr, which contains an internal frameshift spanning 311 codons yet
only differs from Luc F by two nucleotides. The translation efficiency
of the codons within this out-of-frame region is predicted to be lower
than that of Luc F (Fig. 4.9, p. 173). Therefore, if the local ribosome
profiles along the Luc mRNA depends on translation rates, then the pro-
files within this region will not be similar. However, if the mRNA se-
quence affects ribosome density independently of the translation rate,
then they might be similar. We compared the Luc F and Luc FFr profiles
without window averaging, to emphasize the shapes of the profiles at
shorter ranges (Fig. 4.10, p. 174). As expected, the regions prior to the
frameshift, which have identical sequences, have similar, overlapping
peaks (Fig. 4.10). Prior to nucleotide #670 (the point where the read-
ing frame is altered), we observe correlated peaks approximately cen-
tered at nucleotide positions 180, 240, 345, 465, 550 and 605. However,
downstream of the frameshift insertion we observe ribosome stalling
which is absent in Luc F. Downstream of this stalling point, the Luc FFr
profile then gradually declines, while the Luc F profile does not. Thus
at first glance, the insertion of a frameshift mutation perturbs the lo-
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cal ribosome profile, as expected. Yet despite these major differences,
the local fluctuations in the two signals are actually significantly similar
(Fig. 4.11, p. 175). Downstream of nucleotide #840, we again observe
correlated peaks, approximately centered at nucleotide positions 900,
945, 1020, 1065, 1185, 1290, 1405, 1505 and 1550, despite the dif-
ference in reading frame and predicted translation efficiency. Because
these local similarities persist we conclude that contributions other than




















Figure 4.9: The frameshift region within Luc FFr is predicted to
be translated more slowly than the Luc F sequence. The mRNA
sequences differ only at two positions, but the amino acid sequence and
codon composition within the frameshift are very different. Under the
assumption that the translation rate depends on the mRNA sequence,
we would not predict out-of-frame translation rates to be similar to in-
frame translation rates.
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Figure 4.10: Local ribosome profiles are related to the mRNA se-
quence, not the predicted translation rate. A single base-pair was
inserted into the Luc gene, producing a frameshift at position 670, which
was then reverted by removing a base-pair at position 1599. The se-
quence between these two points (gray) encodes missense amino acids,
but themRNA sequence is identical. Local fluctuations in themagnitude
of the ribosome profile clearly indicate the presence of contributions to
the signal other than ribosome occupancy (Spearman correlation (ρ) =
0.31, p < 0.05).
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Figure 4.11: Out-of frame ribosome profiles are significantly cor-
related. Translation of 253 codons downstream of the frameshift pro-
duces a highly similar ribosome density profile (red), even though the
codons and predicted translation rates are different. The ribosome pro-
file upstream of the insertion point is highly similar, as expected, while
the profile of the region immediately downstream of the insertion point
is anti-correlated, possibly the result of ribosome stalling in the altered
mRNA. The p-values are indicated above the bars.
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4.3.4 Luc expression does not perturb
ribosome synthesis
The extreme over-expression of mRNA bearing “non-optimal” codons
leads to poor growth and ribosome degradation [Dong et al., 1995]. To
determine whether expression of synonymously re-coded Luc affects the
production of ribosomes we compared the fraction of ribosomes allo-
cated to ribosomal protein production. We find that the the 54 ribo-
somal proteins command virtually identical fractions of the total num-
ber of ribosomes across experiments, indicating that ribosome synthe-
sis is unaffected by Luc expression (Fig. 4.12, p. 177). Taken together,
these genes comprise 14% of the total (doubling time of 50 min), in
close agreement with the previously reported 15% (doubling time also
50 min) [Schleif, 1967].
4.4 Discussion
The polysome spacing is determined by relative, rather than abso-
lute, translation rate differences. A useful analogy is that of cars travers-
ing a single-lane toll bridge [Itano, 1968]. The time spent entering and
leaving the bridge regulates the overall loading level, while the intro-
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Figure 4.12: Ribosome allocation to ribosomal synthesis is un-
perturbed by the synonymous re-coding of the Luc mRNA. The
total proportion of ribosome footprints allocated to the ribosomal pro-
teins which comprise the large (50S, blue) or small (30S, red) subunit
were summed, which together provide a measurement of the fraction
of ribosomes allocated to ribosome production. This value (αr), which
depends on the growth rate, was previously reported to be 15%, when
the doubling time was 50 min. [Schleif, 1967]. Our measurements (∼
14%) nearly match this value, when the doubling time was also 50 min.
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duction of slow or fast points within the road creates and relieves traffic
jams (Fig. 4.4). Previous ribosome profiling studies have shown ev-
idence for the roles codons play in modulating translation rates, but
technical challenges have made it difficult to quantify the effects in a
given mRNA [Artieri and Fraser, 2014a,Gritsenko et al., 2015,Martens
et al., 2015, Pop et al., 2014, Stadler and Fire, 2011, Woolstenhulme
et al., 2015]. We systematically changed codons within the Luc mRNA
to re-distribute ribosome density, and find that fast and slow codons
have the expected effects, which are in agreement with extensive simu-
lations [von der Haar, 2012]. However, these density changes are most
apparent when explicitly forcing large translation rate changes over
long sequence stretches. As evidenced from the comparison between
the fast and frameshifted profiles, analyzed at shorter distances, cur-
rent ribosome profiling protocols do not necessarily convey ribosome
densities quantitatively. The faithful quantification of ribosome pauses
with ribosome profiling remains unachieved.
Our data also quantitatively agreewith previous translation ratemea-
surements. Translation of the firefly Luc mRNA was measured to be
half as fast as the Luc F mRNA (9.8 vs 19.2 a.a. sec-1) [Spencer et al.,
2012]. We find that fast codons are translated between two and three
times faster than slow codons. Likewise, the transition from the initi-
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ation phase to the elongation phase entails a greater drop in ribosome
density when elongation is fast, and we observe more ribosome queuing
when fast codons are near the 3′ end. The data are also consistent with
altered mRNA stability. When less Luc protein is produced, as expected
when translation initiation is infrequent, combined with fast translation,
we detect abortive translation.
Comparisons of ribosome allocation to Luc mRNA also indicate that
slow codons at the 5′ end are associated with low translation levels. The
three Luc alleles which begin with slow codons have low total ribosome
occupancy, whereas the three alleles which begin with fast codons have
high occupancy. Interestingly, mRNA structure near the ribosome bind-
ing site has also been implicated in regulating protein expression [Kudla
et al., 2009,Pop et al., 2014,Evfratov et al., 2017], and these two mech-
anisms might overlap.
Together, our data are consistent with less ribosome density when
ribosomes translate faster codons, and greater ribosome density when
fast ribosomes translate slower codons. We conclude that E. coli cells
can simultaneously encode the same amino acid sequences and variable
polysome density within the same mRNA sequence, which serves as an
additional determinant of gene expression.
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The “heat shock” response to
synonymously re-coded mRNA
The over-expression of heterologous proteins is an important tool
in biotechnology. The conservation of the genetic code, the ribosome
and chaperones make possible the expression of proteins in distantly
related organisms. Yet there are many examples when such experi-
ments either fail to produce protein, or the protein is sequestered into
inclusion bodies [Shively, 1974]. It has been suggested that re-coding
a foreign mRNA to more closely match the endogenous coding strate-
gies of the cell can improve protein expression by synchronizing the co-
translational protein folding with the translation elongation rate [Purvis
et al., 1987,Krasheninnikov et al., 1989]. Here we show, using ribosome
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profiling, that changes to the codons in the Firefly Luciferase mRNA af-
fect the induction of chaperones, indicating changes in protein folding
stress. However, after accounting for expression changes, we do not
see any effects resulting from the translation of synonymous codons.
Rather, these results demonstrate the serious burden of high protein
expression on cells which are unable to sufficiently up-regulate chaper-
one production, with repercussions for the faithful production of folded
protein.
5.1 Introduction
The maintenance of protein folding homeostasis is a serious chal-
lenge for the cell. Molecular chaperones, such as the “heat shock pro-
teins” (HSPs), help to unfold and refold proteins, either co- or post-
translationally, and are conserved from bacteria to mammals [Kim et al.,
2013]. Chaperones form large protein complexes which consume ATP,
therefore their synthesis is regulated to conserve resources and to pro-
mote growth. Bacteria, such as E. coli, regulate the expression of chap-
erones using a sigma factor (σ32, in the case of E. coli), a transcrip-
tion initiation factor which binds to RNA polymerase [Guisbert et al.,
2008]. σ32 is unstable, has a low copy number and is kept inactive by
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the chaperone complex DnaK/DnaJ (Hsp70/Hsp40). DnaK/DnaJ binds to
unfolded proteins in response to folding stress, releasing σ32. Free σ32
then associates with RNA polymerase and remodels the cell’s transcrip-
tional output, increasing chaperone production. The synthesis level of
chaperones is therefore a direct readout of σ32 bound to DnaK/DnaJ, and
of the levels of unfolded protein in the cell [Connolly et al., 1999]. Impor-
tantly, since σ32 activity directly responds to levels of unfolded protein,
this “heat shock” response can be activated even in the absence of a
temperature change.
The expression of eukaryotic proteins in bacteria often results in
poor folding yields and protein aggregation, despite the presence of
chaperones [Kim et al., 2009]. One potential cause is an incompat-
ibility between eukaryotic and bacterial translation systems [Kurland
and Gallant, 1996]. Although both the genetic code and translational
mechanisms are highly conserved, organisms have evolved divergent
sets of tRNA anti-codons [Chan and Lowe, 2009], and no organism has
all 61 anti-codons [Ninio, 1971]. Intriguingly, genomes have evolved
codon compositions which are “adapted” to these tRNAs [Grantham
et al., 1980, Ikemura, 1981b, Ikemura, 1981a]. The mutual adaptation
between mRNAs and tRNAs has been clearly demonstrated in special-
ized tissues which predominantly express a single protein: Bombyxmori
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silk glands producing fibroin [Garel et al., 1970a], rabbit reticulocytes
producing globin [Hatfield et al., 1982] ⁠and bovine eye lens producing
crystallin [Garel et al., 1970b]. A similar adaptive mechanism may con-
ceivably have evolved in the firefly Photinus pyralis light organ, where
the bioluminescent Luciferase (Luc) protein is highly expressed.
The co-adaptation of mRNA sequences to the available tRNAs has
been explained in terms of the ribosome’s kinetic proofreading mecha-
nism. Translation of a limited codon repertoire can promote more effi-
cient use of ribosomes and cellular resources, while promoting fast and
accurate translation [Ehrenberg et al., 1986], and by reducing misread-
ing errors resulting from tRNA competition [Kramer and Farabaugh,
2007, Kramer et al., 2010]. However, there may be instances where
the presence of alternative codons could be advantageous. For exam-
ple, co-translational folding of nascent proteins could be enhanced by
specific mRNA sequences which synchronize the rate of emergence of
the nascent polypeptide with the formation of new structural elements,
improving co-translational folding [Purvis et al., 1987,Krasheninnikov
et al., 1989]. Depending on the protein’s native structure, this synchro-
nization may require either fast or slow translation. In contrast to evo-
lutionarily adapted genes, genes transferred between distantly related
organisms will probably not be well-adapted. Re-coding foreign mRNAs
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to be compatible with the translation system of a new host could improve
the folding of foreign proteins [Buhr et al., 2016].
Besides re-coding mRNAs, increasing the expression of chaperones
has also been used to strategically improve the yield of folded protein
when overexpressed. For example, it was shown that the overexpres-
sion of Trigger Factor can ameliorate the production of mammalian pro-
teins in E. coli by reducing their aggregation [Nishihara et al., 2000].
Likewise, a two-step procedure which first co-induces chaperone ex-
pression, and then suppresses additional recombinant protein overex-
pression, was shown to improve solubility of the recombinant protein
[de Marco et al., 2007]. Similar procedures have met with success,
even for special glycoproteins [Skretas et al., 2009] or membrane pro-
teins [Link et al., 2008], which are notoriously difficult to express in
bacterial cells. As a result, the development of bacterial strains which
are optimized for the production of foreign proteins has been of great
interest [Makino et al., 2011].
To investigate the relationship between mRNA sequence and pro-
tein folding stress we used ribosome profiling [Ingolia et al., 2009] to
monitor the induction of the σ32 “heat shock” regulon. We compared
cells expressing different versions of synonymously re-coded Luc, a two-
domain protein which requires chaperones to fold efficiently [Agashe
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et al., 2004]. Surprisingly, we find that chaperone induction depends on
the total levels of Luc protein in the cell, rather than the coding of the
Luc mRNA per se. By measuring the effects of Luc protein accumula-
tion, we develop a model which predicts that the σ32 response saturates
following just modest levels of Luc expression. This result suggests that
E. coli’s ability to manage protein folding stress is intrinsically limited.
This limit is a major obstacle for the over-expression of proteins which
require chaperones to fold.
5.2 Methods
5.2.1 Ribosome profiling
Ribosome profiling was performed as in chapter 4.2.5, p. 152.
5.2.2 Western blots
2.5 mL of MOPS minimal medium [Neidhardt et al., 1974] were inoc-
ulated with an E. coli colony from from a MOPS minimal medium plate
and grown overnight, shaking at 37°C. Fresh 2.5 mL cultures were inoc-
ulated the following day to an OD600 of 0.01 and grown 6 hours (∼7 dou-
blings) to an OD600 of ∼1.0 and then placed on ice. 1 mL aliquots were
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transferred to chilled 1.5 mL Eppendorf tubes and centrifuged 5 min at
14,000 RPM at 4°C. Using the OD600 readings of the remaining cultures,
the cellular pellets were resuspended in Laemmli sample buffer (50 μl
/ OD600), and the cellular suspensions were boiled 10 min at 100°C and
centrifuged 2 min at 14,000 RPM at room temperature. 2.5 μl Spectra
BR protein ladder (ThermoFisher cat. no. 26634) and 7.5 μl cell lysate
aliquots were subjected to electrophoresis by 10% SDS PAGE 50 V for 15
min, then 100 V for 75 min. Transfer was executed using Immun-Blot LF
PVDF membrane (Bio-Rad cat. no. 162-0261). Blotting was performed
with mouse anti-myc primary antibody (Cell-Signaling Technologies cat.
no. 2276) and goat anti-mouse alexa-fluor 594 secondary antibody (Cell-
Signaling Technologies cat. no. 8890) for Luc detection, and rabbit
anti-β-galactosidase primary antibody (ThermoFisher cat. no. A-11132)
and goat anti-rabbit alexa-fluor 488 secondary antibody (Life Technolo-
gies cat. no. A-11034). Primary blotting was performed overnight at
4°C and secondary blotting 30 min at room temperature. Imaging was
performed using a ProteinSimple FluorChem M imager and processed
using ImageJ v. 1.50h.
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5.2.3 Enzyme assays
Luciferase activity wasmeasured using the Dual-Light kit (ThermoFisher
cat. no. T1004) with a Berthold TriStar2 plate-reader luminometer as
follows. 2.5 mL MOPS minimal medium (0.6% glycerol, 0.2% casamino
acids, 100 μg/ml ampicillin) cultures [Neidhardt et al., 1974] were pre-
pared from a minimal medium plate and grown overnight. These were
then diluted into 2.0 mL of medium to an OD600 of 0.01 and grown to and
OD600 of 1.0 at 37°C. The cultures tubes were then immediately placed
on ice, and for each culture, three 100 μl aliquots of medium contain-
ing cells were transferred to separate 1.5 ml Eppendorf microcentrifuge
tubes containing 100 μl of Tropix lysis solution. Cells were lysed by vor-
texing for 10 sec. 10 μl of lysate were added to 25 μl of Buffer A (with
luciferin) in a non-treated Nunc F96 MicroWell white polystyrene 96-
well plate (ThermoFisher cat. no. 236105). After a single, initial 10 sec
shake step (diameter 1), Luciferase activity was sequentially stimulated
by injection of 100 μl of Buffer B (speed 5), mixed for 0.2 sec (diame-
ter 5), and then, after a 2 sec delay, measured continuously for 15 sec
with 0.05 sec intervals. To reduce background signal, no galacton+ sub-
strate was added to Buffer B. Measurements were performed at room
temperature ( 23°C). The luminescence was then averaged over the 15
sec duration, and the standard error of the mean was calculated for the
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replicates.
5.2.4 Sequencing data analysis
Differential gene expression was analyzed using DeSeq2 [Love et al.,
2014]. Integer numbers of sequencing reads, 1 per footprint, were
assigned to either chromosomal E. coli genes or to genes encoded on
the low-copy pACYC177 vectors bearing bla, ampR, kanR and luc genes
(Fig. 4.1, p. 147). Since experiments on strains pACYC177, Luc F, Luc
S, LucWTE. coli and LucWTFirefly were done in parallel, these were ana-
lyzed both by Luc expression category as well as by replicate number,
with pACYC177 datasets serving as the reference strain. The other ex-
periments were only analyzed in terms of the Luc expression category,
also with pACYC177 datasets serving as the reference strain.
5.2.5 Fitting the relationship between Luc
expression and σ32 activity
The following molecular mechanism was used to understand the rela-
tionship between Luc expression, using enzymatic activity as a proxy for
the concentration of enzyme, and σ32 activity, defined as the percentage
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5.3 Results
5.3.1 Expression of Luc induces the σ32
regulon and represses the σ38 regulon
It was previously suggested that synonymous changes to the Luc
mRNA which slow down translation can improve the folding of the Luc
protein, and that changes which speed up translation worsen folding
[Spencer et al., 2012, Yu et al., 2015]. For a given amount of protein
expression, we predict that these synonymous changes, and their cor-
responding effects on the folding of the Luc protein, would manifest
themselves through differential induction of the chaperones via the σ32
system. We therefore used ribosome profiling to compare total protein
synthesis as a function of Luc expression. Unlike mRNA-seq, which
only quantifies the levels of messenger, ribosome profiling measures
ribosome occupancy of the mRNA, taking into account differences in
post-transcriptional regulation [Li et al., 2014]. Differential translation
of chaperone mRNA was analyzed by comparing the total number of
sequencing reads mapped to each gene in control cells, with no Luc
mRNA, and cells expressing Luc mRNA. Several re-coding strategies
were compared: Luc S was re-coded using slow codons, Luc WT using
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codons with E. coli codons analogous to those in the firefly, and Luc F
using fast codons.
As predicted, we observe an induction of the heat shock response
following the expression of Luc (Fig. 5.1, p. 192). Importantly, there
are significant differences in both the number and magnitude of up-
regulated chaperone genes between cells expressing different LucmRNA.
Cells expressing Luc S have only a small number (7) of up-regulated σ32
genes, all less than two-fold greater, whereas expression of Luc F turns
on many (32) σ32 genes, of which roughly half are more than two-fold
greater. The cellular response to Luc WT is intermediate (23). Since
σ32 activity is a direct readout of total unfolded protein in the cell, we
conclude that the expression of Luc increases cellular levels of unfolded
protein, and that synonymous changes to the Luc mRNA modulate the
degree.
Besides the σ32 regulon, other genes are affected by Luc expression.
In particular, the σ38 regulon, which controls the stationary phase re-
sponse, shows opposite behavior. While Luc S expression turns off few
(3) stationary phase genes, expression of either Luc WT (45) or Luc F
(42) turns off many genes. However, other significant classes of genes
are not differentially regulated. The ribosomal proteins, which consti-
tute 14% of total protein synthesis, are unaffected by Luc expression
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Figure 5.1: Re-coding the Luc mRNA causes major changes to
translation levels of the σ32 and σ38 regulons. Differential mRNA
translation analysis of E. coli expressing a. Luc S, b. Luc WT, and c. Luc
F was performed by comparing the total number of reads mapped to
each gene. Dark red and blue circles, and light cyan circles are signifi-
cantly different, as determined from the reproducibility of three experi-
mental replicates (DeSeq2, padj < 0.1) [Love et al., 2014]). Translation of
mRNA whose promoters are targeted by σ32 increases following expres-
sion of Luc, while translation of mRNA whose promoters are targeted
by σ38 decreases.
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(Fig. 4.12, p. 177), as is β-galactosidase (1.5%), which is under regula-
tion of the same promoter and ribosome binding site sequences as Luc
(Fig. 4.7, p. 169).
5.3.2 Localized coding changes induce
protein folding stress
Analysis of the induction of the σ32 response revealed a relationship
to the Luc mRNA sequence. This difference might be caused by per-
turbation of the translation elongation rate and co-translational folding.
If so, this property could be encoded throughout the whole coding se-
quence, for instance if slow translation promotes co-translational fold-
ing in general. Or, it could be localized to certain regions of the gene,
indicating that specific structural elements in the Luc protein benefit
from slow translation as has been suggested before [Yu et al., 2015]. If
the first possibility is true then we predict that hybrid Luc mRNA, con-
taining intermediate number of fast or slow codons, will induce inter-
mediate sigma responses. Conversely, if the differences in chaperone
induction are due to sequences at specific locations within the mRNA,
then system behavior will depend on the presence or absence of those
specific sequences. To test these two possibilities, we analyzed four
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additional Luc variants which were assembled by swapping mRNA se-
quence between Luc S and Luc F. The Luc S/F and Luc F/S variants were
split down the middle, with half of the codons re-coded according to the
first codon strategy, followed by codons re-coded according to the sec-
ond strategy. The Luc Sin/F and Fin/S mRNAs contain just 15 codons (1.5
ribosome widths) of one type, followed by codons of the other type.
We find that the gene expression profiles induced by these four vari-
ants fall into the original patterns of either Luc S or Luc F (Fig. 5.2, p.
195). Luc S/F and Luc Sin/F, like Luc S, have little to no induction or
repression of either the heat shock or stationary phase responses. In
contrast, the Luc F/S and Fin/S expression profiles are like that of Luc F,
with both strong induction of the heat shock response and repression of
the stationary phase response. We conclude that the composition of the
first 15 codons downstream of the start codon, rather than the totality
of the Luc mRNA, is highly predictive of the resulting gene expression
changes.
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Figure 5.2: Changing the mRNA sequence near the start codon
affects the heat shock response. Synonymously re-coded LucmRNAs
were made by swapping either the first 16 (c, d) or 272 (a, b) codons
between the fast and slow sequences. The identity of just the first 16
codons has a significant effect on translation. Luc mRNA beginning with
slow codons (a, c) have few differentially translated mRNA, whereas
those beginning with fast codons (b, d) have many.
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5.3.3 Luc expression is regulated by codons
immediately downstream of the start
codon
We found that changing the 15 codons immediately downstream of
the start codon within the Luc mRNA causes changes in unfolded pro-
tein levels. It is known that codons near the start codon can affect gene
expression by regulating the frequency of translation initiation [Kudla
et al., 2009,Pop et al., 2014,Evfratov et al., 2017]. We therefore quan-
tified the effects of codon changes on Luc expression. To compare Luc
expression we employed three complementary methods: ribosome pro-
filing, Western blotting and Luciferase activity assays.
Ribosome occupancy of the Luc mRNA shows a clear pattern (Fig.
4.7, p. 169). The three Luc alleles beginning with slow codons (Luc
Sin/F, Luc S/F, and Luc S) have low ribosome occupancy (0.5-2% of the
total), whereas the three alleles beginning with fast codons (Luc Fin/S,
Luc F/S, and Luc F) have high ribosome occupancy (3-5%). The trans-
lation of the wild-type sequence is intermediate (∼2%). These results
are confirmed by Western blot and by enzymatic activity (Fig. 5.3, p.
198), with some small differences. Whereas Luc WT has substantially
fewer reads than Luc F, Luc Fin/S and Luc F/S, the difference is less
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pronounced as seen by Western blot. Similarly, the Luc Fin/S enzymatic
activity levels are comparable to the Luc WT levels, and much lower
than Luc F or Luc F/S. We thus observe three clusters of Luc variants
with either low, intermediate, or high expression and conclude that the
identity of the first 15 codons after the start codon is most predictive
of Luc expression levels. To control for the possibility that the observed
changes in the σ32 response are due to altered levels of sigma factor pro-
duction, we compared the ribosome profiling data for the sigma factors
themselves. We find that the ribosome allocation to rpoH mRNA, which
encodes σ32, does not change as a function of Luc expression (Fig. 5.4,
p. 199).
5.3.4 The σ32 response is nonlinear and
saturable
We have demonstrated that Luc expression levels depend on the cod-
ing of the Luc mRNA. Likewise, the same changes to the mRNA also
impact the induction of the σ32 regulon and allocation of ribosomes to
chaperone mRNA. A comparison of these two measures, Luc enzymatic
activity and σ32 activity, yields a relationship with saturation character-
istics (Fig. 5.5, p. 201). Small increases in Luc levels initially give rise to
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Figure 5.3: Synonymously re-coding the Luc mRNA changes cel-
lular Luc protein levels. Luc protein was quantified using a. Western
blot and b. enzymatic activity assays. The mRNA variants beginning
with slow codons (Luc Sin/F, Luc S/F, Luc S) have low protein levels,
while two of the variants beginning with fast codons (Luc F, Luc F/S)
have high protein levels. Luc WTFirefly, Luc WTE. coli and Luc Fin/S have
intermediate levels of expression.
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Figure 5.4: Synonymously re-coding the Luc mRNA does not af-
fect rpoH ribosome allocation. The production of sigma factors, as
measured by ribosome profiling, was determined in relation to the ex-
pression of each synonymously re-coded Luc mRNA.
large increases in chaperone allocation, but the effect lessens at higher
Luc expression. For example, cells with control plasmid not expressing
Luc allocated 5% of ribosomes to the translation of mRNAs which are
part of the σ32 regulon, while cells expressing Luc WT allocated 6.5%,
a 30% increase. Expression of Luc F/S or Luc F further increased allo-
cation to 7%, for a cumulative increase of 40%. However, the amount
of Luc F activity required to reach this level of synthesis is more than
600% greater than that of Luc WT.
The σ32 transcriptional response has been well characterized, and
is known to depend on the competition for binding between RNA poly-
merase and DnaK/DnaJ [Grigorova et al., 2006,Österberg et al., 2011].
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We reasoned that a single-site binding model could be sufficient to de-
scribe the observed behavior. In our model, titration of Luc protein into
the cytosol shifts the DnaK/DnaJ equilibrium away from binding σ32 and
towards association with Luc protein (equation 5.1). Under these condi-
tions our model predicts that, in response to increasing amounts of Luc
protein, E. coli cannot allocate greater than 8% of ribosomes to mRNA
under the regulation of σ32 (Fig. 5.5). This is equivalent to a maximum
induction of 60% from basal levels.
5.3.5 Predicting protein expression with a
stochastic translation model
Changing the codons in the Luc CDS (coding sequence) has dramatic
effects on the resulting levels of protein production. This effect could
be due to changes in mRNA stability, a decrease in the intrinsic initia-
tion rate, or to the occlusion of the start codon or the codons immedi-
ately downstream of the start codon. To determine the degree to which
this effect is due to occlusion of the start codon by ribosomes, we simu-
lated polysomes for each of the Luc variants and measured the observed
translation initiation rates (Fig. 5.6, p. 203), protein production rates
(Fig. 5.7, p. 204) and ribosome densities (Fig. 5.8, p. 205) as a function
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Figure 5.5: The production of Luc protein causes a non-linear,
saturable “heat shock” response. Increasing levels of protein (en-
zymatic activities, x-axis) lead to increasing translation levels of the
σ32 regulon (ribosome profiling, y-axis). This relationship, modeled us-
ing a single-site binding relationship (blue curve), appears to saturate
when the Luc mRNA predominantly contains fast codons. The sensitiv-
ity of this response is maximal when Luc production is intermediate (red
curve). The data are displayed as a. linear-linear and b. log-linear plots.
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of the expected translation initiation rate. We find that the apprecia-
ble differences in these observables begin to emerge beginning with
an expected translation initiation rate of 0.33 s-1. In some cases, the
differences are as large as fourfold, indicating that slow codons down-
stream of the start codon can reduce protein expression. However, the
difference is never as great as the twentyfold change observed experi-
mentally, indicating that slow translation is not sufficient to explain the
observed protein level variation.
5.4 Discussion
5.4.1 Luc expression modulates the heat
shock response
The idea that protein folding efficiency depends on translation rates
has received much attention, and Firefly Luciferase has been a popular
model protein for a number of reasons. It has multiple domains, one
of which can fold while still ribosome-bound [Frydman et al., 1999],
and it can be assayed enzymatically. In addition, it folds rapidly in
eukaryotic cells yet poorly in E. coli, although chaperones are benefi-
cial [Agashe et al., 2004]. Previous experiments showed that the trans-
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Figure 5.6: Occlusion of the start codon limits translation ini-
tiation rates. Polysome simulations were performed by setting slow
codons to a translation rate of 5 s-1, fast codons to 20 s-1, and the c-
terminal tag to 10 s-1, located in accordance with the re-coding strategy
used for the Luc mRNA. Simulations of the six Luc mRNA variants show
that, as the initiation rate is allowed to increase, slow codons immedi-
ately downstream of the start codon play an increasing role in limiting
initiation events. This relationship is particularly sensitive when the ini-
tiation rate is between 0.33 and 1.33 events per s.
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Figure 5.7: Slow codons can limit protein production. Changing
the codons in the Luc mRNA is predicted to affect the amount of protein
produced over time. This relationship strongly depends on the initiation
rate; however the elongation rate is important as well, as evidenced by
the higher production rates of the Fast and Sin/Fast mRNAs.
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Figure 5.8: Ribosome occupancy of the mRNA depends on the
translation rate. Fast codons near the start codon promote loading of
ribosomes onto the mRNA, yet they also promote faster completion of
protein synthesis, thereby reducing the number of ribosomes simulta-
neously occupying an mRNA and increasing the spacing between ribo-
somes. These competing tendencies give rise to mRNA density profiles
which are highly sensitive to the initiation rate. In the case of Luc Fast
and Fast/Slow, a doubling of the initiation rate can produce a threefold
increase in total ribosome occupancy.
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lation rate affects the yield of folded Luc protein, both in E. coli [Siller
et al., 2010,Spencer et al., 2012] andNeurospora [Yu et al., 2015]. How-
ever, the molecular mechanism determining how, and to what degree,
the translation rate affects folding is still unclear. For instance, it could
be that the folding of specific structural elements is affected, or that
slow translation rates improve folding in general.
We have confirmed that changing the coding of the Luc mRNA does
affect the ribosome density, consistent with a change in the translation
elongation rate (Ch. 4, p. 136). However, evaluating the Luc protein
folding efficiency in live cells is difficult. One approach is to compare the
ratio of the overall protein level, such as by gel electrophoresis or West-
ern blot, to the enzymatic activity. Assuming that only folded proteins
are enzymatically active, a change in this ratio can indicate changes in
protein folding efficiency. However, the cell’s chaperones and proteases
act as buffers against unfolded protein, either by promoting folding or
degradation of unfolded proteins, meaning that chaperone and protease
activity can hide changes to protein folding efficiency. This problem has
previously been addressed either by performing experiments in the ab-
sence of one or more chaperones [Buhr et al., 2016], or by highly stim-
ulating the production of protein levels, possibly beyond the buffering
capacity [Zhang et al., 2009,Spencer et al., 2012]. Unfortunately, these
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approaches compromise the estimates of protein folding efficiency un-
der normal conditions.
Rather than bypass the chaperone system, we have used it to our
advantage. Since it is known that cells can respond to variable levels
of protein folding stress, measuring this response produces an indica-
tor of overall proteostasis. As a proof-of-principle, we have confirmed
that ribosome profiling can quantitatively monitor the allocation of ri-
bosomes to mRNAs regulated σ32, reporting the induction of each chap-
erone, with highly reproducible results. We then developed a physical,
quantitative model of how Luc expression activates the chaperone re-
sponse. To do so also requires an estimate of the cellular levels of Luc
protein. We used three different methods to estimate the cellular lev-
els of Luc protein: ribosome profiling, Western blotting and enzymatic
assays. Each of these methods comes with trade-offs, but together they
present a consistent picture.
The ribosome profiling data measure the allocation of ribosomes to
the mRNA in the cell. The data are clearly partitioned into three groups
(Fig. 4.7, low, medium and high), as predicted by simulation (Fig. 5.8).
However, because the translation rates of the Luc mRNA are not equal,
this result does not stand alone. For this reason, we also quantified Luc
levels using Western blots with antibodies targetting the C-terminal tag.
207
CHAPTER 5. THE “HEAT SHOCK” RESPONSE
The blot confirms that Luc expression falls within three ranges (Fig.
5.3a).
The most sensitive determination of protein levels is the enzymatic
assay (Fig. 5.3b). As a whole, we find good agreement between this
assay and the other two. Since enzymatic activity only reports on folded,
active enzyme, we conclude that Luc folding is minimally impaired. By
fitting the data to the single-site binding model we see that the Luc
activity assays comport with the σ32 response. We conclude that the
relationship between Luc production levels and the chaperone response
is both nonlinear and saturable.
Remarkably, we observe no direct relationship between coding of the
Luc mRNA per se and the resulting σ32 response. Rather, changing as
few as 15 codons at the beginning of the mRNA is sufficient to cause
large changes in Luc production, which in turn stimulates the heat shock
response. Although this result appears to contradict previous work, it
may actually explain several previous results. In our system Luc expres-
sion was driven from the Plac promoter on a low-copy plasmid. Even so,
the Luc F and Luc F/S mRNAs drove significant amounts of protein syn-
thesis, reaching 85% of the predicted σ32 saturation point and 5% of the
total ribosome allocation.
Others have expressed Luc using a highly-inducible T7 promoter sys-
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tem [Spencer et al., 2012], which likely surpasses the heat shock’s sat-
uration point. Beyond this point, an increase in Luc protein would not
be matched by a corresponding increase in DnaK/DnaJ, and the fraction
of Luc engaged by chaperones would decrease. One would therefore
predict a direct relationship between an increase in total expression
levels and unfolded protein levels beyond this point. In fact, those pre-
vious experiments clearly showed that the specific activity of Luc protein
changes depending on the codons in the Luc mRNA, and we have shown
that changing the codons alters the expression level.
5.4.2 Initial codons determine protein
production levels
Our use of multiple expression level assays reveals additional differ-
ences between expression of the Luc alleles. The ribosome profiling
data indicate high levels of Luc Fin/S, but the enzymatic activity is inter-
mediate. The high ribosome profiling values could be the result of a
bottleneck occurring at the interface of fast and slow codons near the
start codon. On the other hand, the enzymatic assays can be interpreted
two different ways. One is that enzyme synthesis truly is low, consistent
with the effects of a reduced translation initiation rate. The other pos-
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sibility is that the translation of this synonymously re-coded Luc mRNA
results in poor protein folding. However, this interpretation would be
exactly opposite what has been previously reported — that slow trans-
lation promotes folding.
Similarly, the fit between Luc enzymatic activity and the heat shock
response reveals a potential outlier, Luc Sin/F. Whereas the other two
Luc mRNAs beginning with slow codons increase the response to about
5.5% of the total footprints, this mRNA actually reduces the chaperone
induction, even compared to the control condition with no Luc expres-
sion. The reason for this behavior is unclear, but several possibilities
come to mind. One is that the Luc proteins translated from this mRNA
are extremely well-folded and do not require chaperones. However, this
interpretation would suggest that the folding is controlled by fast trans-
lation of just the first 16 codons, which would be hard to explain. Fur-
thermore, since the Luc S mRNA was not coded with fast codons yet
induces chaperones more, this interpretation would contradict the pre-
vious data suggesting that fast translation is bad for folding.
A second possibility is that slow codons are more likely to be mis-
translated, causing the insertion of the “wrong” amino acid and produc-
ing faulty proteins [Kurland and Gallant, 1996]. If this were the case
then the Luc F/S and Luc S/F alleles, which are both coded with ∼50%
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slow codons, should have significantly different phenotypes compared
to Luc F or Luc S, but they do not.
A third possibility relates to the ribosome density along the Sin/F
mRNA. We previously showed that the combination of infrequent initia-
tion and fast translation probably depletes themRNA of ribosomes, lead-
ing to mRNA degradation and up-regulation of ssrA (Fig. 4.8, p. 171).
This response might suppress the induction of chaperones through an
unknown mechanism.
Finally, the use of the σ32 response to measure Luc-induced protein
folding stress assumes that the Luc protein is able to bind to DnaK/DnaJ.
If the protein were to exist in an unfolded state which is neither enzy-
matically active nor binding competent then it would escape detection
using this method. In any event, by developing a physical model we are
able to show that the behavior of cells expressing Luc Sin/F is different.
These large differences in protein expression were unanticipated. In
each case, Luc expression is driven by the same low-copy vector back-
bone, the Plac promoter with full induction using IPTG, and the lacZ ri-
bosome binding site. It might, then, be expected that gene copy num-
ber, mRNA copy number, and translation initiation frequencies would be
identical. Yet we observe a nearly twentyfold change in the amount of
protein present, as determined by the enzymatic activity assays. From
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our simulations we can ascribe some of this difference to occlusion of
the start codon because of slow translation. It may also be the case,
however, that the intrinsic translation initiation rate is perturbed, such
as by the formation of strong secondary structures in the mRNA which
prevent ribosome binding. Finally, it has been shown that 5′ lacZ mRNA
stability is sensitive to the sequence downstream of the start codon,
causing this portion of the mRNA to be preferentially degraded [Pe-
tersen, 1991]. Changing the first 15 codons downstream of the start
codon has a large effect on expression, and could involve some or all of
these mechanisms.
5.4.3 The cellular response to protein
overexpression
Ribosome profiling provides a highly sensitive measurement of trans-
lation and has been used to characterize protein production at the level
of individual proteins beyond those normally detectable by 2D gel elec-
trophoresis. Although the heat shock response up-regulatesmany genes
through σ32, it may be the case that specific chaperones are induced
in response to different types of protein folding stress. For example,
the core chaperones DnaK/DnaJ and GroEL/GroES are induced roughly
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twofold, and the overall change in ribosome allocation increased by
60%. This result is remarkably similar to the effects of temperature
shock. It was shown using 2D protein gels that GroEL expression rises
about 60% 50 min after a temperature increase, from 28°C to 36°C
[Lemaux et al., 1978].
Yet we find that many other σ32 targets have different induction lev-
els. Interestingly, the most highly up-regulated protein is IbpA, the in-
clusion body-binding protein. This protein’s expression is regulated by
a temperature-sensitive RNA switch [Gaubig et al., 2011,Kortmann and
Narberhaus, 2012], and exposure to heat shock produces a quantita-
tively similar result to our own — cells grown at 42°C have 8.6 times
more IbpA than at 30°C [Mogk et al., 1999], which is similar to the
eightfold change we observe. That we observe a similar result in the
absence of a temperature change would therefore be unexpected, ex-
cept that it has previously been noted that IbpA is also highly expressed
during exposure to recombinant proteins [Han et al., 2004]. IbpA induc-
tion might indicate that the expression of Luc causes an increase in the
number of proteins targeted to inclusion bodies.
Unexpectedly, besides the increase in chaperones, we also observe a
dramatic down-regulation of genes which comprise the stationary phase
response. It has previously been suggested that sigma factors com-
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pete with binding to RNA polymerase [Ishihama, 2000,Grigorova et al.,
2006,Österberg et al., 2011]. It therefore seems likely that, upon Luc
expression, an increase in σ32 activity simultaneously prevents σ38 from
binding RNA polymerase, resulting in a broad reduction in the expres-
sion of stationary phase genes. Whether suppression of these genes is
directly beneficial or merely a side-effect is unclear.
5.4.4 Implications for protein engineering
Since E. coli is a mesophilic enterobacterium, its heat shock response
did not evolve under conditions of constant high temperature. Indeed,
the E. coli proteome is generally maladapted to temperature stress [Dill
et al., 2011]. Likewise, the overexpression of foreign proteins, such
as Luc, is an artificial scenario. Within the context of typical protein
stresses throughout the bacterial lifecycle, we would therefore expect
that maximal chaperone induction is modest. E. coli is therefore prob-
ably not well-suited for overexpressing foreign proteins. Interestingly,
directed evolution experiments in E. coli have shown that prolonged
exposure to elevated temperatures leads to the acquisition of greater
temperature resistance and higher chaperone expression, suggesting
that the system is tunable in a broader sense [Rudolph et al., 2010].
In the future, ribosome profiling might be used to monitor protein
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folding in vivo, providing chaperone-specific measurements of induc-
tion. For example, one could induce the production of specific amounts
of protein within the cell and measure the corresponding changes in
σ32 activity, perhaps using several combinations of promoters, ribosome
binding sites and low or high copy number plasmids. This method could
also serve as a means to compare in vivo protein folding stress lev-
els, such as in response to changing conditions, or perhaps following
changes to a protein’s amino acid sequence.
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